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ABSTRACT

Three studies were completed to evaluate four alternatives to
the disposal of ntact spent fuel assemblies in a geologic repository.
A preferred spent fuel waste form for disposal was recommended on consi-
deration of (1) package design and fuel/package interaction, (2) long-

term, in-repository performance of the waste form„and (3) overall pro-

cess performance and costs for oackaging, handling, and emplacement.

The four basi c al ternati ve waste forms consi dered were ('1 ) end fi tting
removal, (2) fission gas venting, (3) disassembly and close packing, and

(4) shearing/immobilization. None of the fi ndi ngs ruled out any alterna-

tivee

on the basis of waste package considerations or long-term performance
o''he waste form. The thi rd alternative offers flexi bi li ty in loading

lf,

that may prove attractive in the various geologic media under consider-
tion, greatly reduces the number of packages, and has the lowest unit
cost.

These studies were completed i n October, 1 981. Since then

Westinghouse Electric Corporation and the Office of Nuclear Waste Isola-

tionn

have completed studies i n related fields . This report is now being

published to provide publicly the background material that i s contained
within.
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1.0 INTRODUCTION

National policies, announced in 1977, indefinitely deferred repro-
cessing of spent fuel from commercial light water reactors (LWRs). Since
that time, the Department of Energy (DOE) has redirected its program for the
development of a disposal capability for high-level radioactive reprocessing
wastes to a disposal capability for either spent fuel or the high-level
wastes resulting from reprocessing. Disposal of spent fuel or reprocessing
waste in mined geologic repositories is being considered as a means of pro-
viding long-term isolation of radionuclides from the biosphere,

The Office of Nuclear Waste Isolation (ONWI) serves as the lead
salt repository contractor in the Civilian Radioactive Waste Management

Program (CRWM) geologic«repository development effort and has respons">i li-
'. Ities for program coordination and for developing the criteria and technology

for permanent disposal of high-level nuclear waste, including spent fuel
elements from commercial power reactors. Of particular importance to the
program is the waste form, due to the impacts it will have on all repository
operations.

The basic designs of faciliiies for the geologic disposal of spent
fuel have consi dered handling and di spos al of unmodif i ed spent fuel
assemblies. The possibility, however, that spent fuel may be stored in a

modified form prior to its emplacement in a geologic repository has been
c'o»" idered. Some prospective advantages of various possible modifications
are:

(I) 'inimization of the actual volume of the spent fuel
package for disposal,

" (2) venting fission gases from the spent fuel prior to
di sposal,

'/

(3) optimization of thermal loading in the container, and

(4) immobilization of the spent fuel prior to disposal.

An assessment of the possible modifications to the spent fuel assembly has
been made in order to determine the relative advantages of each and to select
a ref erence waste form.



The issues related to modifying spent fuel fall i'nto three areas:

(1) the relationship, between the spent fuel waste form
and the repository waste package that contains it,

(2) the impact of modifying spent fuel on the packaging and
emplacement operations, including technical, operating,
safety, and economic considerations, and

(3) the long term, in-repository performance of the waste
form.

Four alternative waste forms have been identified by the Department

of Energy (DOE) as candidates for use in geologic disposal (1). Each of these

alternatives has been assessed and,, compared to the unmodified spent fuel

assembly in each of the)~three issue areas in order to determine the relative

merits of the modification. This report presents the results of these

assessments and a recomnendation for the preferred waste. form. The specific

alternatives which have been studied are: (1) end fitting removal, (2)

fission gas venting and r esealing, (3) fuel disassembly and close packi ng of

fuel pins, and (4) fuel shearing and immobilization in a solid matrix.

1

DEVELOPMENT OF PREFERRED WASTE FORM

ONWI initiated parallel studies in each of the three i ssue areas

identified above to assess each alternative spent fuel form and recommend the

preferred waste form. Each issue area was addressed by a different

contractor. This section discusses the objectives and methods of each study.

1.1.1 Effect of Spent Fuel Waste Form Alternatives on Waste Package
Design

A variety of package concepts employing the multiple engi neered

barrier approach are being considered in a study by the Westinghouse Advanced

Energy Systems Division (AESD), which has as its goal arriving at the best

package concept for waste form and repository rock type (2). Although this

study is not complete and waste package concepts are still evolving, a package

design concept developed by AESD was selected as the standard, or reference,

package. Effects of the alternative processes on this package were studied by



AESD; factors considered were those relative to containment capability,
radiation safety, handling safety, retrievability, which constitute subjects
of regulatory design criteria; the study also included non-regulatory issues
such as standardization uf packages and package costs.

1.1.2 Assessment of i;he Impacts of Spent Fuel Disassembly Alternatives on
the Nucle~ Waste I sol ation System

E. R. Johnson Associ ates, Inc. (JAI) conducted a stud ~ on the
impacts of the four alternatives on the nuclear waste isolation system (3).
Assessments were made of the impacts of each disassembly alternative on the
techni cal, operating, s af ety and economi c aspect s of al 1 pack ag i n g and

repository ooerations.

Each alternative was compared to disposal of unmodified spent fuel
(\

the Reference Process. The technical assessment of each alternative
included detailed review of the packaging facility, process and equipment;
the repository facility and equipment for transfer, emplacement, and

retrieval; the spent fuel storage facilities and equipment; the volume and

characteristics of secondary wastes produced; and the safeguards consider-
ati ons.

C

Operational factors pertinent to each of the disassembly alter-
natives which were considere~ .ere the complexity of the process involved; the
operat'ional reli abil'.ty of the process and auxiliary equipment; the
complexity of required operating controls and their probable reliability; the
extent of in-process handling of radioactive materials; and the methods for
establishing suitability of product.

A three part assessment of the radiological impacts of each of the
alternative disassembly methods included consideration of handling,
packaging, and disposal, and evaluated near-t rm radiologi.al impacts for
occupational exposure, near-term radiological impacts for non-occupational
exposure, and long-term radiological impacts.

An estimate was made of the cost of each disassembly alternative in
terms of the incremental capital and operating cost: (including packaging and



emplacement) associated with the individual disassembly alternative relative
to the Reference Process; estimated costs of reference disposal facilities
and the cost of operation of the Reference Process served as a base for this
incremental cost determination.

A Figure of Merit (FOtl) was determined for each disassembly alter-
native which constituted a weighted evaluation of the technical, operational,

safety and economic assessments thereof, and a comparison was made of the

FON's for the disassembly alternatives to obtain the preferred alternative.

1.1.3 Assessment of Spent Fuel Form/Stabilizer Alternatives for Geologic
Disposal ( In-;".epository Performance)

Hanford Engineering Development Laboratory (HEDL) was selected to
assess the expected relative in-repository performance of each waste form in

combination with its associated generic stabilizer type (4). Four fuel forms

and thr ee generic stabilizers were considered in two plenum pressure states,
for a total of 13 discrete assessment waste forms. The study focused on

determining whether ther'as any expected inter action between the waste
(c

form/stabilizer and cani<iter which miqht cause premature waste package breach

or waste form degrada'ion, and on assessing the relative ability of each of
/j

the proposed waste forms to resist radionuclide migration after water

intruded into a breached waste package.

A set of criteria was developed and the performance of the waste

fo,,as was assessed with respect to these criteria for the intact waste package

period (first 1,000 years) and the breached waste package period (post 1,000

years). A relative ranking was given to each waste form.

1.2 SCOPE OF THIS REPORT

Although each of the three studies described in Section 1.2 was

independently accomplished by the three contractors, there was interaction

among all three throughout the course of the studies, with coordination

provided by ONWI personnel. Each study reached certain conclusions indicated

by the resu',ts of analyses and evaluations in the area of concern assigned to

the respective contractor. In all cases, the conclusions led to positive



recommendations concerning preferred waste forms. The recommendations were

in most cases qualified, either explicitly by the authors, or implicitly by

reason of col 1ater al inf ormati on provi ded. Thi s repor t i s intended to

sumnarize the three independent reports as each relates to the objective of

recommending a spent fuel waste form for disposal; it present" the pertinent

conclusions and recommendations from each independent study as well as the

joint recommendation.

All of the issues which formed the bases for the three studies must

be collectively assessed, as none individually provides all the input

necessary for the selection of a preferred waste form. Neither are the
/;1

three issues totally independent of each other. Whereas each study reached

conclusions relative to the issue studied, it was desirable to put together a

senary of each with the methods employed and areas studied, and combine those

areas of overlap within the studies.

Section 2.0 of this report provides an Executive Summary of the

three studies. Section 3.0 presents a description of the reference spent fuel

assemblies and possible variants thereon, and pr ovides basi c information on

the reference package employed and how it was developed. Section 4.0
describes the four alternative processes which were assessed, and provides a

su@nary of the technical, operating, safety, and economic assessments of

these alternatives in comparison to the Reference Process. Section 5,0
surmarizes the evaluation of the near- and long-term performance in the

repository of the alternative waste forms in the reference package. Section

6.0 provides an overall summary of the comparisons and presents a

recommendation for the preferred waste form.
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2.0 EXECUTIVE SUMMARY

Three studies evaluating alternatives to the disposal of intact

spent fuel assemblies in a geologic repository have been completed and

summarized in this report. These studies led toy/a joint recommendation of a

preferred spent fuel waste form for disposal based o consideration of:

(1) package design and fuel/package interaction,

(2) long t erm, in-reposi tory performance of the waste form, and

(3) overall process performance and costs for packaging, handling,
and empl acement.

The four basic alternative waste forms which were addressed were:

1) End Fitting Removal

2) Fission Gas Venting
/j

3) Disassembly and Close Packing

4) Shearing/Immobilization

Based on evaluation of a reference waste package employing the

multibar rier design concept,, it was concluded that each alternative process

under consider ation could be accommodated equally well by the refer ence

package, or minor dimensional modifications ther eof, and that there were no

significant interactions between the waste form and package involving any of

the candidate processes.

The long term performance study examined thirteen variations on the

four basic waste form alternatives, taking into account such factors, ~s

support against lithostatic pressure, hazard to canister from fuel pin plenum

gas, heat transfer, cladding degradation, radionuclide retention, migr ation

barriers, and criticality. With regard to the waste form/particulate
stabilizer combinations employed in the systems study, the ratings indicate
that the Reference Process and Alternative Processes 1-3 are approximately

equivalent on all factors except stabilizer heat transfer and resistance to
lithostatic pr essure; Alternative 4 is rated highest on resistance to



li thostatic pressure and between Alternative 3 and the others on heat

transfer. In the Final Draft Report of the in-repository performance study,

HEDL recommended the intact assemblies with a solid stabilizor as the most

desirable form, wiin a suitable alternative being the close-packed, bundled

rods with a solid stabilizer; the particulate stabilizer was down-rated

primarily due to its deficiencies in resisting lithostatic pressure. No

criteria were presented for acceptable performance in this function, hence no

basis exists for rejecting any of the waste forms on this factor.

The process evaluation study assumed, for purposes of identifying

facility requirement and operating costs, that the Reference Process and

Alternatives 1-3 would employ a particulate (sand) stabilizer; this selection

was made early in the program. Conceptual processes were developed for each

of the alternatives; this was followed by an assessment of the impacts of the

alternative processes on the packaging, handling, and emplacement system at

the repository site. This assessment inc'.uded a technical evaluation of the

processes and equipment involved in each of the alternatives, an operational

analysis, an assessment of safety/risk factors, and a comparison of the
l

overall economics of the alternative processes with the Reference Process.

Based on these asse=sments, Alternative 3 ranked highest in the operational

analysis and in economics, which on balance, made it the first preference over

the Reference Process and the other alternatives. Alternative 3 entai ls a

more complicated packaging procedure than the Reference Process, but it
permits a reduction of 65 percent (relative to the Reference Process) in the

number of packages which must be handled and emplaced. The reduction in

overall cost afforded by the reduction in the number of packages required and

in the level of operations both above ground and in the repository resulted in

the conclusion that disassembly and close packing of fuel pins is the optimum

method of preparation of spent fuel for disposal. A similar reduction in

package requirements and level of operation would result from pursuing

Alternative 4; it was, however, ruled out by reason of its even greater

complexity and major uncertainties as to the operational feasibility of

several of its process steps

8



3.0 PACKAGE DESIGN

The spent fuel package can be defined as everything that is placed

in the repository borehole. The package design used here is based on the

concept of multiple barriers to the release of radionuclides. There are a

number of barriers to dispersion of the radionuclides present in spent fuel,
starting with the ceramic fuel itself, and followed by the fuel cladding, 99

percent or more of which can be expected to be intact at the time the fuel

leaves the reactor. The first sealed barrier beyond the spent fuel itself is
the canister into which the fuel assemblies are loaded ~ The canister also

contains a stabilizer in order to assist in providing internal support against

lithostatic pressure. The second external ba~rier is the borehole'liner; the

liner is separated from the canister by sand f; lier and from the boreho1e by

bentonite backfill. A shield plug above the fuel assembly canister provides

radiation protection in the vertical direction, and the liner is sealed by a

welded cover plate above the shield plug.

This section will describe the fuel to be packaged, the package

design constraints, the details of the waste package, and the influenc'e of
waste form on package costs.

DESCRIPTION OF FUEL TO BE PACKAGED

Commercial light water reactor (LWR ) spent fue'. discharged from

either boiling water reactors (BWR) or pressurized water reactors (PWR ) is
contained in fuel assemblies designed and fabricated by:

General Electric - BWR fuel,
Westinghouse - PNR fuel,
Combustion Engineering - PWR fuel,
Babcock and Wi lcox - PNR fuel, or
Exxon Nuclear - BNR and PNR fuel.

The spent fuel will typically have been out of reactor 10 years or

more, although minor quantities may be only 3 years out of reactor.
Irradiation exposures (burnup) of 27,500 and 33,000 tlWD/NTU for BWR and PAR

fuel, respectively, are anticipated.



Spent fuel assemblies consist of end fittings, spacers, and support

hardware in addition to fuel pins containing the actual spent fuel. Ancillary

components represent a significant percentage of the assembly volume, and the

end fittings significantly extend the nonfueled length of the assemblies. The

primary differences in fuel assembly configuration are those inherent in the

BWR and PWR fuel. Minor configuration variations within each fuel type are

attributable to the design philosophy of the various fabricators, and to the

use of shorter assemblies in the earlier, lower-power reactors. The current

1,000 to 1,150 MWe LWR fuel designs have essentially become standardized

concepts, and are unique to each fabricator.

For the purposes of this study, the Westinghouse 17x17 and the

General Electric BWR-6 fuel assemblies have been selected as reference

designs of PWR and BWR fuel. The minor variations from the designs of earlier
fue'i'ssemblies or from the designs of other fabricators are not regarded as

significant to this study. The reference designs, along with these

variations, are described in Sections 3.1.1 and 3.1.2. The physical

characteristics of the reference fuel designs are given in Table 3-1.

'.1.1 PWR Fuel Assemblies

The Westinghouse standard 17x17 fuel assembly design contains 264

fuel pins, 24 gt~ide tubes, and one instrumentation tube in a 17x17 array.

Guide. tubes provide axial structural support between the upper and lower end

fittings and fix the spacers at their vertical positions. The guide tubes are

fastened to the lower fitting by means of cap screws which pass through the

end fitting web and through sleeves (which are brazed to the lower spacer and

serve to fix it in position), engaging a threaded insert in the guide tube.

The cap screws are secured to the fitting by welded pins. The upper end

fitting is welded to sleeves which are brazed to the top spacer and are fixed

on the guide tubes. Fuel pins are not in direct contact with either end

fitting. Lateral fuel pin spacing is maintained by the spacer assemblies and

axial fuel pin positioning is achieved by spring pressure applied to the pins

12



TABLE 3-1
PHYSICAL CHARACTERISTICS OF REFERENCE LMR FUEL ASSEMBLIES

Reactor Type

Fuel
Des19ner'uel

Pin Array

BIIR

GE

Bxb

PMR

Mestinghouse

17x17

Fuel P1n Bundle Assembly

Overall Length, m

Haximum Envelope, cm

Fuel Pin Pitch. cm

Number of Fueled Pins

Integral Poisor, Pins

Meight Fuel Bundle, k9

Meight - U02<Gd203, kg

Me1ght 002, kg

Meight, U, kg

Meight, 21rconium Alloy, kg

Meight, Other Alloys, k9

Meight, Total Hetals, ka

Haterisl - Fuel Clad

Haterial - Poison Clad

Hsterial « Guide Tube

Haterial - Mater Rod

Haterial - End Fittings
Haterial - Spacers

Haterial - Burnable Poison

Haterial - Control Elements

4.470
(13.9)
1.63 (b)
62 (c)
yes (c)
275.7
208.0
207.5 (d)
183.3
57.9
9.77
67.7
Zirc-2 (b)
N/A

N/A

Eire-2 (e)
SS

Eire el oy

Gd203 in U02 (c)
84C (c)

4.058
(21')
1.26 (b)
264 (f)
no (e)
665

N/A

523

461

127

15

142

21rc-4 (b)
304L (f)
21rcaloy

N/A

304 (f)
Inconel

Borosilicate (f)
Ag-In-Cd (f)

Fuel Pin Assembly

Overall Length, m

Active Fuel Length, m

Pin Diameter, mn

Clad Mall Thickness, xm

Pellet Diameter, mn

Radial Gsp, mx

4.064
3.759
12.27 (c)
0.81 (c)
10.41 (c)
0-12 (9)

3.84
3.658
9.5
0.57 (b)
8.19 (b)
0.084 (b)

N/A ~ Not Applicable

(a) Bechtel National, Inc., An Assessment of LMR Spent Fuel Disposal Options, ONMI-39,
Vol. 3, p A-14, July 1979

(b) Arrerfcan Nuclear Society, American National Standard (Praaosed) - Desiqn Criteria
for an Independent Spent Fuel Stor see Installation luster Pool Type), Alisl/ANS-
57.1, Appendix G, p G-2, November 1978

(c) F. D. Judge, J. Jacobsen, D. R. Milk1ns, J. B. Carr and S. R. More, Latest BMR

Oesiqned for Improved Operation ~ Nuclear Eng1neering International, Vol. 25, pp
37-38 snd 41-42, September 1980

(d) Included 0.5 kg allowance for Gd203 as in (c)

(e) M. B. Mefhermiller and G.'S. Allison, LMR Nuclear Fuel Bundle Data for Use 1n Fuel
Bundle Hsndlinq - Tapicsl Report, PNL-2575, Bsttelle Pacific Northwest Laboratory,
pp 25-29, September 1979

(f) Portland General Electric Company, Final Safety Analysis Report, Amendment 13,
Table 4.1-1 and pp 4.2-43-44, Hay 1974

(9) Calculated frmn data of (c)
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by spacer assembly springs. The guide tubes are capable of accepting either
burnable poison clusters or control rod clusters. However, the fuel assembly

does not contain either poison or control rods. The physical characteristics
of the standard 17x17 fuel assembly! ~sere given in Table 31. The f ~el

assembly configuration is shown in Figure 3-1 and the details of removable and

nonremovable fuel pins are shown in Figure 3-2. Removable fuel pins replace
some of the standard pins in experimental fuel assemblies, where it is desired

to remove fuel pins for detailed examination during the burnup cycle. There

are certain other differences in structural detail of the top end fitting on

these assemblies, but neither these nor the removable pin configuration
affect the handling of these assemblies in the packaging operations.

In addition to the Westinghouse 17x17 fuel assembly, PWR fuel

assemblies have been fabricated in a var:iety of fuel pin arrays as shown

below:

Westinghouse - 14x14, 15x15, and 17x17 XL

Combustion Engineering - 14x14 and 16x16, and

Babcock and Wilcox - 14x14, 15x15, and 17x17.

Exxon Nuclear fabricates PWR fuel assemblies which essentially
conform to the original designer's parameters. Tables 3-2 and 3-3 provide the

available dimensi onal and physical char aeter i sti cs of the var i ous fuel

assembly designs.

Westinghouse and Babcock E Wilco, utilize the integral guide tube

method (described in the reference design) of accomnodating burnable po',son

and control rods. Combustion Engineering also utilizes guide tubes as

structural elements of the assembly, but the guide tubes are designed to
accommodate only control element assemblies. The Combustion Engineering
design incorporates poison pins, as required, directly into the fuel pin

array. A typical Combustion Engineering 14x14 design contains, in addition to

5 guide tubes, an inventory of 176 pins of which 168, 172, or 176 will contain

fuel,~the balance being burnable poison pins.

14
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TABLE 3-2

PHYSiCAL CHARACTERISTICS OF TYPICAL WESTINGHOUSE FUEL ASSEMBLIES

(PWR)

Feel Designer

Foci pin Array

Designation

Specific acacter
Source of fnforsstfon

V

11117
al'

~)

V

1tsl1

M'b)

V

17111
af I .

(e)

0 V

ll all 11a11
af

III'I'I'1)
In

(cl (d)

lf

11a11

III'c)

If

Ilail

nf

(c)

V tf

llall )lail
M'I'f

III'c)

(c)

Fuel Oundle Ass~fr
Overall Length, s
Nsafnuo IMcfope, sn

Fuel Pfn ~ Itch, co
Osfber of Fueled ~ Ina

integral pofson pins

height-fuel gundle, tg
Velght.gglgd20), kg

Velght Ugt, tg
height-U, ig
Velght-Iirconiue Alloy, kg

Velyht.DthCr AllOya, ky

Vellht-total Netals, ky

Nsterlal-Fuel Clad

hater lal-Poison Clad

Iiaterf ~I-Cufde tube

Nsttrlal.End Fittings
Naterf ~I-Spectra
hsterlsl-aurashle poison

haterl ~I.Control Eloscnls

l.058
(2L.I)2
IIf

nf

OI'65

521

l61
121

15

1st
nf

OI'ire

$$

Inca net

III'

.'1

(tl.l)2

III'II'70

g75

~60

1)0
16

1I5
5$

tire
$$

lncanal 718

i.l
(tt.~ )
1.16
tCI

66S

OI'

lrc-I

tire I
)DISS

Inconel 718
Of

I.06l
(2L.I)
l.tg

II

I'I'lf

tire I

OI'.05'I

(tt.s)2
1.26
26l

III't).5

I61.5
119.7

III'II'ire

I
)OIL

lire-I
)OI

lnconel

Ooroitlicst ~

Ng. I'd

$ .055
(21.I)

nr

OI'ire-I

OI'

r

M'1$
.7)2

l.ll
119
II

I'I'I'II'ire-I

I.gs4
(19.12)
I.ls

ar

nr

III'

fre-I

OI'.sa

(19 lt)2
I AI
af

Iu'f

OI'I'i'$

ar
~

I'uel

~ In Assembfr

Drerall lengthi 1
Actfre Fuel Length, 1
Pin Dianeter, esa

Clad gall lhfckncss ~ as
~cllct Dioaeter, III

Oedf ~I Csp,
ss'cllct

Dcnsi , 5 theo.

).al
3.658
9.$
1

I'fOI'.8
3.1
9.5
OI'.85-3,87).658

9.5
0.51
1f
af
ar

III'A58

9.5
0.51
8.19
O.COI

3.851
).658
9.5
0.57
8.19
O.DSI

9$

III'.166

'9.5
0.57
0.19
0.0al
ar

3.81
3.65S
10.72
0.611
1I'fOI'I

I'.658

10.72

0.617
'y. 29

0,091

IIr

).OIO

10.72

O.I19
9.7l
0.071
1I'

r ~ aot reported 0/A ~ OOt applicable 5$ ~ Stainless steal tire ~ airconluo alloy not specified

(a) gechlcl flatfowl, lnc., An Asscssuent of Lun 5rent Fuel Disoos ~ I Options, totuf )9,
gOl. 3, p A-ls ~ July 1579

(b) Departncnt of Energy, Stafenent or fasftfon of the United st ~ tes Deoartsrnt of
~incr DOL/ot-ogf, fabTccg and faute Is-fo, nprII tgM

(c) pnnrfcan Nuclear 5ocfety, aserfcan national standard (proposed) Deafen crftfrf ~'Ir an fndefrndent Spent lurl Stariiir Tnn~ilITsion hate Pooaarppel~>/AIf$
pen)is 6, po~) ,liore ~er vl!I

(I) 7 D. Judge, J. Jacohsen, D. 1. Usihfns, J. a. carr and 5. A. vore, Latest shc
oesfencd for i~roses oorratinn, nuclear Engineering international, sol. 15, pp)T3I an) IW7, leptonoer tgafF

(c) V. O. Uefhcrsillcr and C. $.Allison, Lun nuclear Fuel gunole Dat ~ for Usc in Fuel

3- ~

uncle needling topical Acport, pnt 2575, )attest ~ facifCcVorsjwcst Laboratory,
5-19~ Sept~era Iy
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TABLE 3-3

PHYSICAL CHARACTERISTICS OF TYPICAL COMBUSTION ENGINEERING AND

BABCOCK AND WILCOX FUEL ASSEMBLIES

(PWR)

fuel Oestgntr

Setl Pin Array

OastlnIiton

Specific Sractor

5ourcc ef interest ton

CC

16slb

1I'b)

CC

16s16

nr

nI'

~)

CE

)Ss)6

1I'sn
Onofra I

(c)

CE

)lull

(b)

CE

ilail

nr

(a)

CE

)lull

1I'c)

SSV

l)elf

1I'a)

SEV

1la 1)

(O)

SSV

1$~15

1T

nl'

~)

810
1$a 15

nr

(6)

fuel bundle Asseuhty

Outfits ttngthr 1
Nsetnun lnvelopt, cn

fuel Pin pitch, cn

SInbtr of fueled Pins

Integral Poison Pins

Vellht.fuel bundle, tg
sleight-0026d20) ~ tg

Vtight-002, Sg

Veight-U, tg
Vclght-tlrconius Alloy, ig
Veight-Other AllOya, tg
Velght-total Nettle, hg

Naicrl ~1-Fuel Clad

Natcrl ~ 1~ Poison Clad

Natcrlel-guide lube

Nstcrlal-End f Ettings
Nattrlol-Spacers
Slateri ~ i.gurnable Poison

Nattrtal-Control Elnsent ~

futl Pin Asstubty

Orcrall length, 1
Actire foci ttngth, 1
Pin Slant ter, sn

Clad Vali lhictness, eIo

Pclle\ Oiauetcr, ssa

Sall ~1 Sap, mn

Pellet Ocnsity, 5 theo.

~ .Il
(20.48)
1.29
2)4

1T

4$0

nI'r'I'ire-I

1T'

trc&
5$

lire-I (d)
nr

I.097
3.810

9.70
0.6)$

1I'l'r

~ .Ili
(20.78)
1.19

nf

nr

tire-I

SaC/A120)

1I'r

1.810
9.70
0.6)$
8.26
0.089

l.l06
(20.90)
1.29
220 t)6
yes (~)
481

IS1.0-683.8
)97.6-~26.5

nI'I'I'ire

I
lire-I
Circ-I
308$$

Eire-I (I)
SIC/Alto)

SIC

4.099
3.810
'1.70

0.63$
S.t6
0.089
9$

nf

nf

nr

nf

1I'irc-I

nr

nr

M'irc-I (6)nI'I'r

tire-I

1I'I'

IC/A120

nf

3.I8-3.73 nr

3 )S-3.IS 3.~8

11.18 11.18
0.4640.7) 0.661I'AI1I'.11

II'.716.).99I

I.166
(20.48)2 (20.78)2
1.~ 7 l.lf
176

nl'r

1T

S81 nr

3.99I
(70.90)2
l.~ 7

168-176

yes (e)
$65.7

~11.6-I)1.2
362.8-)80.1
nr

1I'

lrc-I
Itrc-I
lire-I
)OSSS

tire-I (d)

SIC/Alto)
SIC

3.73
3.~ 7

11.18
0.66
9.6$
0.11
SS

l.tlb
(It.bb)2
1.27
nr

nl''ire-I

nf

sr

nI'T

3.63
9.63
0.$97

8.21
0.)lt
nf

a.tos
(21.48)
1.28
26I

1T

483

nr

nl'r

nI'ire-I

1I'

trc-I
)SISS
lrcono1

1I'.63

9.43
0.609

~ .216
(21.68)
E.lI

nr

1~

nr

I are-I

M'f

nr

3.66
10.92
0.473
9.10
O.OS9

1T

i.)06
(21.48)
l.II
208

nr

nf

nl'r

lire-I
nr

lire I
30CSS

1ncone1

nr

nI'I'.66

10.9)
0.671
nr

nr

nf

~r u not reported 0/A ~ not applicable SS ~ 5ta inlets steel Iirc ~ sirconlun alloy oot specified

(1) Anerlcan Nuclear society, anrrlcan national Standard (proposrd) - onion crttrri ~

for an lnd prndrnt Sprat fii~r(or I)Flnss~i)Mlonn ~ ltr Ptol Isoei, nasl/o'IS-
SI.I, AppendIn C, pC~oueiiTicr 1'hb

(b) V. S. Vtiht~t tier and 0. 5. Allison, il'1 nuclear Furl Sundit Oats for Use in Fuel
bundle Hands Ing - tOPIC ~ 1 effort, Pl t-2$)~~a test~a>c Iffssur throes oratory,
pp 2~, Scatter 979

(c) ~. ftruarda, Suotrulsor - OC Engineering, CE Vucltsr Products Nanufacturtng,
tiindsor, Connecticut, Octobtr tl, 19.'i0

(I) Settee spscer lnconel

(1) Vaflable Vuanttty dependent open fuel asssedty renoir~to
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The Westinghouse 17x17XL fuel assembly is approximately one meter

longer than the reference design and the Combi st~on Engineering 16x16 design
is approximatelv 43 centimeters longer than th :.eference. Fuel pins of the

17x17XL and the CE 16x16 design are approximately 64 and 26 centimeter s,
respectively, longer than the reference design. The length variation may not

impact upon the actual disassembly techniques, but must be considered in the
0

establishment of storage canister length and repository emplacement cavity
depth requirements, as well as . in the flexibili ty of the encapsulation
processing equipment and handling equipment. The length of the assemblies
must also be considered in the vertical clearance provisions in the cells.

The variations of
to the actual fuel assembly

guide tubes and fuel pins.
pressure and do not contact

PWR fuel assembly desi gn do not appear to extend

structural elements except for the length of the
The fuel pins are axially supported by spring

;I

the upper or lower end fittings.

3.1.2 BWR Fuel Assemblies

The General Electric BWR-6 and the BWR 2/5 retrofit fuel assemblies
contain 62 fuel pins and 2 water rods in an Sx8 array. Eight of the 62 fueled
pins double as tie rods to mechanically join the upper and lower end fittings.
Tie rods are threaded into the lower fitting, passed through the upper fitting
and fixed in place with lock washers and .,nuts. Lateral pin spacing is
maintained by 7 spacer assemblies mechanically fixed in their vertical
positions by locking tabs on one water rod. The fuel pins are axially
supported by the lower end fitting and the upper end fitting exerts spring
pressure upon fuel nins to assure proper seating. Supplementary reactivity
control is provided by special pins which are included in the fueled pin
inventory. These poison pins contain gadolina (Gd203) in solid solution in
urania (UO ), as sintered pellets. The physical characteristics of the BNi -6
fuel assembly were,,given in Table 3-1. A Sx8 fuel assembly and fuel pin are
shown in Figure 3-3. The assembly shown contains one water rod whereas the
BWR-6 and the BWR 2/5 retrofit assemblies contain two water rods. It should
be noted that this assembly drawing and the upper tie plate drawing show the
channel which would not accompany the assembly to the packaging facility.
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Earlier General Electric fuel assemblies employed 6x6, 7x7, and a

series of Sx8 pin arrays. The 6x6 design was the earliest commercial BWR fuel

and was not extensively used. No dimensional data were obtained for the 6x6

design. The 7x7 pin array contains 49 fuel pins, one of which is a segmented

pit; which provides axial capture of the spacer assemblies. GE designed and

fabricated a series of SxS fuel des',gns (designated BWR-2 through -5, BWR 2/5

Retrofit, and the BWR-6 Reference Case) ~ Early 8xS designs (BWR-2 through -5)
contained 63 fuel pins and I water rod (used to axially fix the spacer

assemblies). The BWR 2/5 Retrofit, as does the BWR-6, contains 62 fuel pins

and 2 water rods, one of which is used to mechanically fix the spacer

assemblies in the axial positions. The fuel pins in all instances are

supported by the lower end fitting. Since the fuel assembly envelope for the

8x8 fuel designs are approximately equivalent to that of the 7x7 design, there

are minor dimensional variations of fuel pin and pellet diameter from the 7x7

to the Sx8 design. End fitting dimensions, in all cases, appear to be

approximately equivalent. Available d";mensional and physical characteristics
for the GE BWR fuel assemblies are shown in Table 3-4. Exxon Nuclear

fabricates BWR fuel assemblies which essentially conform to the GE design

parameters.

3.1.3 Impact of Process Alternatives on Package Dimensions

The Reference Process is based on the disposal of intact fuel

assemblies„ it is further based on canister loading of either one PWR or two

BWR assemblies. The canister dimensions for the Reference Process are,
therefore, determined by the fuel assembly dimensions.

The consideration of process alternatives is largely motivated by

the reduction in waste package volume and the ability to vary the thermal

loading which is made possible. Removal of end fittings from the fuel

assemblies has no effect on the package diameter but does result in a

reduction in package length. The disassembly of the fuel assembly and close
packing of the individual fuel pins permit both the use of a shorter package

and the loading of an increased quantity of fuel in a canister of a given

diameter or the use of a smaller diameter canister. Certa:n geologic media



TABLE 3-4

PHYSICAL CHARACTERISTICS OF TYPICAL BN FUEL ASSEMBLIES

5vcl Designer
fuel Pin Array

Dcs igsalion

Specific Pcactor

5ourct af Infornat ion

CE

Sab

AI'r

(~)

AI'aS

AI'r

CE

Ssg

nr

AI'f)

CE

SaS

RI'I'c)

GE

89S

IMR 2/SR

DAEC

GE

Sa8

IMR 2/SR

hshv I

CE

Sly

IVR/6

Crand Calf

(d)

Cf

tat
nrAI'EIay

nI'I'c)

fuel bundle Asscvbly

Overall Length, n

hallnun Envelope, cnt
foci Pin Pitch, cn

Nutbar of fvelcd Pins

Inlcgral Poison Pins

height-fuel bundle, tg
Mcight-UOIGdhel, 59

Meight-002, tg
Mcight-U, tg
Melght-I Irconilvt Alloy, hg

Mtlyht-Other Alloya, hg

Meight-Total Itctals, hg

Naterlal-fuel Clad

Nattrlal-Poison CIad

Material-Guide Tube

Naterlal-L'ster Rod

Natcrial-End fittings
Nalerlal-Spaccrs

Na!trial-burnable Poison

Natcrial ~ Control Eleaents

~ .470

(1).9)
nr

nI'I'75.7

nI'08.0

IS).3
57.9
9.77
67.7
A

I'/A

K/A

nl

55

lire

AI'I'

.5
(13.9)

AI'I'r,

279

nl'15

190

57

I
65

lire 2ll
N/A

N/A

AI'5

lire
nr

AI'.354

(13.9)2
1.6l
6)
nr

278

nr

AI'I'r

AI'I'r-2

8/A

KIA

Zlrc-2
30455

Zr-4

nr

nr

4.470

(13.9)
1.61

SI'l'r

nr

KI'r

nr

AI'r

lr-2
NIA

NIA

AI'r

nr

Cdtel

AI'.474

(13.9)
1.61
62

ycs (e)
272o7

207,l
206.9
182.~

AI'r

AI'ire-2

N/A

K/A

lire-2
30455

lire
64203 in 002

840

~ .35
(13 9)2
1.6)
62

ycs (e)
265.9

t00.8
200.l
176.7
nt

nr

nr

tire 2

N/A

N/A

lire-2
30455

lire
Gdtol In UOZ

84G

nr

RI'

I'2

yes (e)
AI'r

207.5
A I'

I'r

AI'ire-2

NIA

K/A

A I'

I'I'dte)

in 002

84C

4.)5

(13.37)
1.87
49

AI'08

nr

AI'r

AI'r

nr

lire-2
N/A

I/A

N/A

30455

21rc

A
I'r

4.470

(11.81)
1.87

AI'I'I'I'r

nr

AI'r

nr

lire-2
K/A

I/A

nr

AI'I'dtel

nr

fuel Pin Assesbly

Overall Length, n

Actlvt Fuel Length, r
Pin Dlaoeter, ala

Clad Mall Thirtness, Ns

Ptllet Dlnaeter, ala

Radial Cap, als

Pellet Density, 5 theo.

4.064
3.759
12.52

AI'r
nl'.1

3.8
12

nr

AI'r

nr

3.71-3,76
12.52
0.86
nt
er
nl'

3.658
12.52
0.86
10.57

0.11
nr

l.10
3 SI
12.26

0.81
10.41
D.It
95

3.95
3.69
12'6
0.81
10.41
0.12
95

~ .054
3.81
17.268
0.81
10.41
nr

AI'I'
I'.66-3

~ 71 3 ~ 66

14.30 14.48
0.81-0.94 0.90
nr 12.40nI'.14
nr nr

~r s not reported 8/A a not applicablo 5$ ~ Stainless steel lire ~ aircantlaa alloy not specified

(A) Sechtel National. Ilc.. As Alltlsstst of Lun Soent Fuel biloalal oaeiass, tsafl 19,
bol 3, ~ A-14, July 19/v.

(b) baparlsent of Estray. state tst of oolltlas of the uslltd statal etoartsest of
Oef/nc~yy Tabl ~ IV 9 asd Isola IV le, Aorl I 19su,

(c) Asertcas nuclear Society, Astrtcas oallasai stasdlrd Iaraaavtdi - otlles criteria
for as Isdtoasdtst Spent Fauetarana Inst ~ II ~ I>as Iu ~ ltr tati Itnti, ANSI/ANS
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may require thermal loadings which do not correspond to integral multiples of

a full assembly, i.e., 2.5 assemblies. Disassembly of the fuel would allow a

predetermined thermal load to be accommodated. Not only may the canister
diameter be smaller, but the choice of a diameter is, with close packed pins,
not constrained by fuel assembly dimensions. For the final process

alternative in which fuel pins are sheared and immobilized in a solid matrix

within the canister, there are no constraints on either canister diameter,

length, or thermal load.

3.1.4 Effects of Irradiation or. Fuel

Examinations of irradiated fuel have indicated that changes occur
which could affect disassembly and packaging of consolidated pins. The

effects of radiation on the fuel pins include changes in length, diameter, and

ovality; the fuel pins may also become bowed; buildup of fission products
within the fuel pellets tends to produce fuel irradiation swelling which,

however, may be counteracted by fuel densification at service temperature;
creepdown of the claddinq and interaction of the cladding with the fuel
pellets can cause ridging to occur; radiation also increases cladding tensile
strength and reduces ductil'ity. In addition to changes of the fuel pins,
changes of the grid .;, ring and hoi5i'own spring characteristics have been

reported. Crud deposition on the fuel assemblies may also affect disassembly

operations.

Information concerning the condition of irradi ated fuel pins from

Westinghouse 15X15 fuel assemblies and from second cycle Babcock and Wilcox

(BEW) assemblies has been obtained, and provides an indication of the
magnitude of changes caused by the reactor environment. Further information
has been obtained from organizations which have disassembled spent fuel and

from studies of spent fuel disposal.
BEW reports elongation of fuel pins by approximately 0.3 percent

(slightly more than 10 mm). Their data indicates a trend of increasing fuel
pin growth with increasing neutron fluence. Pin diameter typically decreased

from the nominal pre-irradiation value of 10.9 mm by a creepdown'f 0.07 mm.
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An axial variation in creepdown was noted, with a minimum average creepdown of

0.05 mm observed near the top of the fuel column and a maximum average

creepdown of 0.08 mm occurring near the bottom of the fuel column. Average

maximum ovality values ranged from 0.031 mm to 0.36 mm. Of the 35 pins

examined by profilometer, 12 exhibited evidence of ridging. Typical peak

height of the ridges ranged from 0.019 mm to 0.025 mm. Examination of fuel

assembly holddown spring force after irradiation showed minimal changes

compared to the pre-irradiation values (1); though not directly relatable to

the spring forces exerted by spacer springs, it provides some confidence that

irradiation will not markedly change the restraining force of the spacer

springs.
Examination of irradiated fuel pins of various burnup from Westing-

house 15x15 assemblies showed average length increases of 1.4 to 1.5 cm, from

a pre-irradiation length of 386.0 cm or approximately 0.4 percent. Average

overall diameter reductions of 0.08 mm from the end caps to the center of the

pins were reported. Ovalities generally ranged from 0.025 to 0.051 mm, with

extreme" of up to 0, 178 mm. The pins exhibited a degree of ridging, with

ridge heights increasing in the center of the pins, generally averaging

0 '25 mm, with a maximum ridge height of 0.05 mm (2) ~ These data are in

substantial agreement with the BEW data reviewed above.

A feasibility study concerning close packing of PWR fuel pins

suggests that bowing and deposits built up on the surface of fuel pins may

limit the degree of practical close packing which can be achieved.

Examination of spent fuel pins was reported to indicate an average bowing of

0.588 mm, with a maximum of 1.27 mm (3).
The results to date of disassembly of irradiated spent fuel

indicate that the irradiation will have little or no effect on the fuel pins

that would cause interference with the pin pulling process, and little or no

indication of bowing which would interfere significantly with close packing

of pins (3).



3.2 PACKAGE DESIGN CONSTRAINTS

The package design concept for this study was selected from concepts
being evaluated in a package design project being conducted by the
Westinghouse Advanced Energy Systems Division (AESD), and is described in

Reference (4). The package is intended for use in waste disposal in a reposi-
tory borehole and employs the multiple engineered barrier approach. This sec-
tion and the following sections summarize the study by Westinghouse AESD and

the results which pertain to the waste form evaluation program.

Waste package design constraints applicable to the AESD package
design are primarily those set forth in the federal regulations (5), although
cost considerations and the extent of use of strategic materials must also be
taken into account. Both the regulatory and non-regu1atory constraints are
discussed in this section.

3.2.1 Regulatory Requirements

3.2.1.1 Containment

The waste package design must provide reasonable assurance that the
package will contain the radionuclides for a period of 1000 years in the salt
environment of the Reference Repository. This is the time period during which

radioactive decay is dominated by the relatively short-lived fission and

activation products and there is significant thermal energy production. The

ability of the waste package to provide such containment is primarily a
function of the corrosion resistance of its components. Appendix A presents a

review of the current knowledge of the corrosion of alloys of interest in oxic
and anoxic salt waters and brine.
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3.2.1.2 Retrievability

The need for retrievability occurs due to uncertainties associated

with the deep geologic disposal of radioactive waste. As a result, it is
conceivable that retrieval of a portion of the package containing the waste

form may be desired early in the post-emplacement period to correct a pack-

age defect, to inspect packages, etc. Therefore, the package must be

designed to facilitate that retrieval during the retrievability period

which, at the present time, is assumed to be 50 years (5).

3.2.1.3 Safety/Risk Considerations

Both radiological and non-radiological safety considerations are

specified by the regulations. The waste package has a primary function in
/

radiological safety. The components of the waste package must prevent

dispersion nf radioactive material during handling and emplacement

operations. Moreover, after emplacement, the total package must provide

attenuation of the radiation from the spent fuel to levels which permit normal

operations. Design values for radiation levels are based on meeting the

requirements of 10CFR20. 1(c) which requires that radiation exposures be "as

low as reasonably achievable".

Criticality safety prior to emplacement i s assured by careful

control of potential moderator and safe geometry of the spent fuel. In the

long term after emplacement, the waste package serves to prevent water

intrusion and the redistribution of fissionable materials in the spent fuel.

Handling and transportation safety are to be achieved by waste

package design. Acceleration and impact loads, specified in the federal

regulations defining sealed sources must be consi dered in the design of the

retrievable portion of the waste package.

3.2.1.4 Nuclear Material Control and Accountability

This requirement is intended to provide a permanent means of

identifying and tracing each waste package and its contents during the

repository operations period. The canister must have unique markings to
assure traceability for the package components and contents.



3.2.2 Non-Regulatory Consi derations

3.2.2.1 Cost

While minimum cost is a design objective, the cost of the waste

package is severely constrained by the 1000 year containment requirement.

3.2.2.2 Materials and Processes

To expedite package implementation, the waste package design seeks

to employ materials, parts and fabrication/assembly processes that are known

and proven and for which extensive development efforts are not required. In

addition, the design should avoid using critical materials and materials that
could have substantial and attractive salvage values at some later date.
Needless to say, this requirement is not entirely consistent with the

requirement of 1000 year package life.

3.2.2.3 Standardization

Cost considerations wi 11 indicate the necessity for the most

space-efficient package design. This consideration, in connection with the
desirability of minimizing fabrication costs, leads to the design of a

package which can be used with minimal dimensional change for the spectrum

of spent fuel types described in Section 3.1.
/ ~.,

3.3 /.-,~"<SCRIPTION OF REFERENCE PACKAGE

'he reference package is shown in Figure 3-4; the dimensions shown

are for the disposal of one PWR or two BWR intact fuel assemblies. The waste
package components include ~+'he intact fuel assemblies, a sand stabilizer
within the canister, a 0.64., cm thick titanium or titani um alloy canister with
welded closure, a sand fi 1 1 between cani ster and liner, a 2.54 cm thick sealed
Inconel liner, and 30.5 cm of bentonite backfill surrounding the liner. Th

function, design, and basis of selection of each of these components are
discussed in the following sections. Each disassembly alternative wi 1 1

employ this reference package concept, modified dimensionally to the
requirements of that alternative.
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3.3.1 Cani ster

Details of the Reference Process canisters and inner guide cages

for PN and BNR fuel assemblies are shown in Figures 3-5 and 3-6. The

canister is fabricated of 0.64 cm titanium as shown.

The canister is the first sealed containment barrier. It performs

the primary function of containing the radioactive material for the 1000 year

design life of the waste package. In addition, when combined with the waste

form and any other internal component, it becomes the retrievable package.

Further, the canister may have to function as a surface storage container for

the waste form during periods of lag storage both before emplacement and/or

following retrieval. It must survive specified dropping accidents without

loss of containment or handling ability and it must maintai n its corrosion

barrier performance under geology-i nduced crushing loads. However, the

thickness of the canister is chosen to provide the requisite life against

corrosion and to provide adequate handling strength. The resistance to
lithostati c crushing pressures is to be provided by the presence of the spent

fuel and to some extent by the particulate stabilizer; external resistance to
'lithostatic pressure is provided by the liner. The corrosion rates of

titanium and titanium alloys in brine are discussed in Appendix A.

The fabrication of the canister and its internal guide cage present

no unusual problems. Each will have to be welded so as to preserve

straightness but with proper fixtures and weld sequencing this is not expected

to be difficult.

3.3.2 Liner

The liner, composed of a nickel alloy such. as Inconel 600 or 625,

would be preplaced in the borohole to serve as a hole liner. In that capacity

the liner must resi st crushing loads during the retrievability period to

enable waste form retrieval.
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Two liner conditions have been analyzed. With a "supported liner",
the filler would be present between the canister and liner to provide crush

resistance. In that case, the liner thickness could be independent of liner
diameter and would be sized to provide satisfactory corrosion resistance and

handling stability. An "unsupported liner" must have adequate thickness to

resist crushing loads on its own since the filler gap between canister and

liner is air-filled. Now the liner thickness must increase with liner
diameter and possibilities such as roll-bonding a corrosion resistant nickel

alloy to a thicker and less expensive backing liner must be considered.

In either the supported or unsupported liner, the thickness uf the

Inconel was chosen for corrosion resistance and was constant at 2.54 cm. In

the unsupported case, the Inconel was backed with carbon steel and the

thickness of the steel was chosen to resist the lithostatic pressure. The use

of the unsupported liner was found to increase the cost of the reference

package hy approximately one-third. Subsequent analyses and cost estimates

were, therefore, based on the use of a supported liner. Crushing resistance
in this concept is enhanced by use of a stabilizer in the canister and of a

filler in the radial gap between the canister and liner.

3.3' Stabilizer and Filler

3.3.3.1 Function of Stabilizer and Filler

Both stabilizer and filler have the primary function of providing

resistance to lithostatic pressure; the fi lier provides support to the liner,
while the stabilizer supports the canister. Secondary functions of the

stabilizer include the provision of support to the fuel pins against handling

stresses or stresses created by seismic event" in the reposi tory, provi si on of

an additional barri er agai nst radionuclide transport, prevention of redi s-

tributi on of fissionable nucli des into a critical mass, and modification of

the thermal environment in the canister. These functions, could be

accomplished by either a solid or a specially designed particulate
stabi li ~er. Where the spent fuel c'i adding remains intact, that is, in every

case except Alternative 4, the functions should be accomplishe~,;,,with minimal

degradati on of the spent fuel cladding.
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3.3.3.2 Criteria for Selection of Stabilizer

There are two principal criteria for the selection of the
stab i 1 i zer:

1. How well does it perform the required functions?

2. What complexities does it introduce into processing of the
waste form?

With respect to the first of these criteria, it is patently obvious that a
solid stabilizer is to be preferred over a particulate stabilizer. The

solid would provide greater support, better heat transfer, and, if its cor-
rosion resistance were adequate, another barrier against radionuclide migra-
tion. A particulate > stabilizer could, with lesser effectiveness, perform
the same functions. Einziger, et al, have recommended the solid stabilizer
based on studies which are discussed in Section 5.0 (6); their reccmmenda-

tion appears to be based almost entirely on the performance of the solid in
resisting lithostatic pressures. Although they have attempted to quantify
the defects of a particular stabilizer in resisting lithostatic pressures,
they essentially conclude that, lacking any criterion of acceptability/
unacceptability of performance, the particulate stabilizer cannot be
adjudged unacceptable (see Section 5.0).

The particulate stabilizer is much to be preferred, of course, in
respect to the second criterion noted above. Fi 1 linr, the cani ster with
stabilizer may be accomplished at ambient temperatures and control of the
filling may be expected to be a straightforward operation. When in place, the
stabilizer (and filler) must have the highest achievable density, in order to
maximize the support it provides. In order to achieve this in a particulate
stabilizer, a bi- or tri-modal particle size distribution in the particulate,
coupled with vibration during loading, can be used; a particulate filler might
have to be tamped during placement if further analysis indicates the necessity
of a higher density than could be obtained by pouring a multi-modal

particulate. Remotely-operated tamping equipment would have to be developed
for this purpose.
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For purposes of the process study, a stabilizer was selected prior
to the time any recommendations were available from the other studies. The

choice of a particulate stabilizer was based on the simplicity in processing

techniques it afforded and was subsequently affirmed by the realization that a

low-to-moderate melting point metallic alloy could be substituted in the

Reference Process and Alternatives 1-3 without significant impact on the

process analyses which had been developed, or the conclusions therefrom. The

processes described in Section 4.0 therefore assume the use of sand as both

f i 1 1er and stab i 1 i zer, with the ful 1 recognition that other candidate

materials, either particulate or solid, would have to be evaluated prior to

final selection of the stabilizer.

3.3.4 Backf il 1

The backfill material fills the annulus between the liner and the

host rock and provides the liner with lateral support. The material can also

aid the transfer of heat from the liner as well as absorbing moisture,

chemically conditioning that moisture, and acting as an oxygen scavenger and

radionuclide sorber. The most convenient backfill material for the purpose

would, of course, be crushed host rock. Use of crushed salt in the Reference

Repository would not confer any of the possible advantages cited; for that

reason, bentonite, a montmori llonite clay of high water absorption properties
and excellent ion-exchange capacity, has been employed as the backfill for
purposes of this study.

Use of bentonite for this purpose in a salt repository precludes

access to the liner by migrating brine inclusions, thus providing additional

delay in breaching the package. If all barriers have been penetrated and

the fuel is in contact with a transporting fluid, the bentonite will provide

a strong retarding effect on both migration of soluble ions (7) and trans-

port of the fluid itself.

3.3.5 Shield Plug

The shield plug is placed above the retrievable package to

attenuate radiation to hands-on working levels at the repository floor. The

shield plug would be sealed inside the liner assembly with the retrievable

package and must exhibit the same thermal, radiation, and chemical stability
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as other internal package components. Remaining structurally sound over the

1000 year containment period, the shield plug would also provide support for
the package cover plate.

When placed over the spent fuel canister, the 152 cm concrete

shield plug is highly effective in attenuating the gamma rays from the fuel

assembly. The limiting factor in shielding the assembly is the possibility of

radiation streaming through the bentonite backfill. Since the surfaces of the

various materials composing the waste package are not, in general,

perpendicular to the direction of propogation of the radiation, it can be

expected that the scattering of the radiation may cause it to take longer

paths through the poorer attenuating medium. A conservative estimate can be

calculated for the dose rate above the bentonite assuming a density of

1.75 g/cm and the minimum path length through the bentonite. If the

bentonite backfill is uniformly distributed and compacted about the shield

plug, the dose rate will be limited to less than 0.1 mrem/hr. It is essential
that: all of the backfill is emplaced befor~ the encapsulated spent fuel is
placed into the storage hole.

3.3.6 Thermal Considerations

Tentative maximum temperatures have been set for the various

possible host repository geologies: 284F ( 140C) salt, 329F ( 165C) basalt,
365F (185C) tuff, 302F (150C) granite, and 266F (130C) for shale. T'e waste

form which generates heat will be hotter than the rock. The temperature

differential between the host rock and the inside of the canister is a func-

tionn

of the heat generati on rate wi thin the waste form and the heat transfer
properties of the package. This functional dependence is i 1 lustrated in

I

Figure 3-7; the region which is applicable to the present problem, that is,
canister radius of 17.15 to 24. 1 cm and linear heat generation between 30
and 100 watts/foot is shown as the shaded area. Table 3-5 gives the package
temperature differentials for the ca"es considered.

It is clear that the highest cladding temperature will obtain in the
case of close packed PWR fuel pins. At the limiting borehole temperature of
140C, the inside canister- temperature in this case is 227C. Then, assuming
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homogeneous waste form with a thermal conductivity of 0.005 watts/cm C, the

temperature rise in the waste form is found to be 67C. Using the thermal

conductivity of sand gives a conservative value for the temperature

differential. The compacted pins occupy 71 and 76 percent of the canister

cross section for PWR and BWR spent fuel respectively. The thermal

conductivity of the fuel pins will be much higher than sand (e.g., zirconium,

k=0.242 watts/cm C), and the resulting temperatu. e differential will be

considerably less. Thus, the maximum temperature of the waste form is

estimated to be 294C, or well within the limiting value of 375C set for the

clad temperature*.

TABLE 3-5

WASTE PACKAGE TEMPERATURE DIFFERENTIAL

Canister Radius
(cm)

Unmodified and
End Fitting Removal

PWR BWR

17.15

Disassembly and
Pin Storage
PWR BWR

17.78 17.78

Shearing and
Immobilization

PWR BWR

24 '3 24.13

Linear Power
(watts/foot)

44.2 31.7 127.8 107.0 89.5 82.0

Temperature
Di fferenti al (C)

30 22 87 73 54 47

*In Table 20 of Reference (8), the cladding temperature for close packed fuel
pins in helium (gas stabilizer) is identical to that of close packed pins in a
particulate stabilizer. In actuality, the mixture of a particulate
stabilizer with helium backfill has a thermal conductivity greater than that
of gas alone. On that basis, the maximum temperature was recalculated using
the thermal cogductivity of sand given in Table 19 of Reference (8), i.e.,
0.005 watts/cm C.
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3.4 INFLUENCE OF SPENT FUEL FORM ON PACKAGE COST

Intuitively, it would be expected that unit package costs (S/kg

fuel) would be inversely proportional to the unit volumetric loading of fuel

in a package. This has been shown to be correct, with package diameter the

dominant parameter in overall package cost. Volumetric loading at a given

package diameter is a function of pin-to-pin spacing in the canister, and i t
is obvious that decreasing the pin-to-pin spacing will result in lower unit

package costs, all.;:other factors remaining constant. The limiting factor on

canister volumetric loading is imposed by thermal constraints, as discussed

in Section 3.3.6. At three PWR or eight BWR assemblies per canister, the

proposed canister loading for Alternative 3 gives the highest unit volumetric

loading of the cases considered, and would thus be expected to result in the

least package costs among the alternatives studied. (See Appendix 8 for
details of the development of canister and liner costs.)

3.5 CONCLUSIONS

The reference waste package described here can accommodate each of

the spent fuel waste form alternatives addressed in this study. The

alternative fuel forms would not cause negative effects on package design that
would render the reference package unworkable; in the case of the

sheared/immobilized form with a hot-pour immobilizer, the package cani

could not be used in the dual capacity of a process vessel and the containm:nt

barrier; therefore, the containment barrier is an overpack over a sealed inner

container. This could be construed as a negative effect of waste form in the

sense that it forces the extra packaging step. However, the result sti 1 1

largely resembles the reference package and would function identically.

The cost analyses show a clear cost advantage for the close-packed

alternative. To arrive at a recommendation for a preferred spent fuel waste

form, however, results from the in-repository performance and waste form

process analyses must be evaluated to weigh trade-offs among all three issue

areas. This is done in following sections of this report.
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In summary, there were no findings which would rule out any alterna-
tive on the basis of waste package considerations or long-term performance of
the waste form. Alternative 3 offers flexibility in loading which may prove

attractive in the various geologic media under consideration, greatly reduces

the number of packages, and has the lowest unit cost. ONWI and CRWM should

proceed with the devlopment of the disassembly process technology„ with the

goal of incorporating disassembly of spent fuel in future test facilities as

they move toward their goal of an operational disposal facility.
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4.0 DESCRIPTION AND ASSESSMENT OF ALTERNATIVE WASTE FORM PROCESSES

A basic design of facilities for packaging and geologic disposal
of unmodified spent fuel was established as a basis for evaluation of alter-
native fuel disassembly techniques in comparison to the disposal of unmodi-

fied spent fuel. The basic design, wh'c!; is hereinafter referred to as the
Reference Process, was presented in a study conducted by Bechtel Group,

Inc., which incorporated three previously prepared conceptual design reports
(1). The Bechtel Conceptual Reference Repository Description (CRRD) com-

bines the key features of the following reports:

- National Waste Terminal Storage in a Bedded Salt Formation
for Spent Unreprocessed Fuel (NWTS-R2), prepared by Kaiser
Engineers (2)

- National Waste Terminal Storage Repository Number 1 (NWTS-
R1), prepared by Stearns-Roger (3)

- Spent Fuel Receiving and Packaging Facility Conceptual
Design, prepared by Rockwel~ Hanford Operations and Kaiser
Engineers (4).

Operational modifications were required in the CRRD process and facility
because of a change in the canister and emplacement package design from that
described in the CRRD to that as described in Section 3.

The four alternative processes which were evaluated are (I) end

fitting removal, (2) fission gas venting and resealing, (3) fuel disassembly
and close packing of fuel pins, and (4) fuel shearing and immobilization in a

solid matrix.

In this secti on the spent fuel disposal processes are described,
and comparisons are made between the Reference Process and the alternative
processes. Differences in the processing of the spent fuel, in facility and

equipment modifications, and in the status of the technology for each of the
fuel disassembly alternatives under consi deration are examined relative to
the Reference Process. The merits and disadvantages of each alternative
process are then assessed.

Figure 4-1 shows the layout of the Reference Process Packaging
Facility. Figure 4-2 shows the primary process steps for the Reference

41



PROCESS EOUIPMENT

PUMP ROOM 2

MAINTENANCE

OPERATIONS

RAD WASTE

TREATMENT

RECEIVING, FUEL STORAGE I
PREPARATION AREA

CANAL ACCESS

I

PERSONNEL S

ADMINISTRATIVE

SERVICES

SHAFT

VENTILATION

SUPPORT

FACILITIES

MAIVTE- i SGJ
IJ

NANCE ~I„F Q~

ot:

wva ',,'iP>

SG „
„- =':-=r -.-="

L':
I I

V 11

I I

MAINT.
I I

OPS.

PROCESS EOUIPMENT

PUMP ROOM

LOW LEVEL WASTE HANDLING

PACKAGING PLANT EXHAUST

FILTER S FAN AREA

NEW CANISTER RECEIVING S STORAGE

CODE

DI DRYERS

SFCI SPECIAL FUNCTION CELL

SGI SE iVICE GALLERY

WTCI WELD S TEST CFLL

OGI OPERATING GALLERY

PQ AREA REMOVED FROM CARD

MINE SHAFT

~EMPTY CANISTER PORT S

UNDERGROUND TRANSPORT

FIGURE 4-1
REFERENCE PROCESS PACKAGING FACILITY LAYOUT



5.0 RAIL Olsh'5/0
4.3 IRUCV CArKS/0

L I VIID INSSTC

I DFF GAS

ENPTV CASKS

BASFCTS

CA5K RICCIPT
I

UNLOAD CASK LOAD INTO BASKETS

4.0 OLR UA5KLTS/D
ti.3 PHR OAsv[IS/0

! 5'IORAri OR PRKSOITA110.'I PGDL

Alll4bnllvt PRO[t5\E5

ALI[RF'RIIVE I ~ tnd Fllllno Rsvvsvcl

AL l[RIIAIIVE 2 ~ Flsslon Gss vcnllns 5 Retool

ALTKRHAIIVK 3 ~ Olscsscnbly 4 Close Posstng

ALT[RLAIIVE 4 ~ ShcaesnB 4 Irvvobc1 l lotion

ALTfPJIAIIVE PROCtssts

Rcf KRf'ICE FROCtSS ! DRAIN ASSCILRL Its

36 PJR AslfvJLlss /0
25 PLR A5rPI

WATER I

I

lvoTV UASKET5

s/ '.Co~sit g

I
vL!Es /D

T
HATER

RiN'3VE CNU FITTINGS

& FII'ES

ALT[RVATIVE 3 4 ~

35 l R Asrt'IIII[5/0
25 Fnll ASS[Hil l[5/0

KHnTV BASKETS

vr

e

CR
rI

TKST L'ELD.LEAK 1[51
FAILEO CANISTER 10 SFC

I HEL IL'H

!
I=

RROIAI:PI SURViv-JKCONTAIII .S s

OCCO:I. SOLO[ IOV

LlnutO HASTE

CAV!ST[As 5 CAPS STABILIFKR HCLIU>I 5 ARGON

!
rf

FLKC: I'To OCTLR CANIS;ER
4 0 STAGILli[R A.'IO CA"r

RLF ALT I 4 2 - IB BWR CANISTERS/0
25 PWR C/Uilsl[RS/0

ALT 3 5 4 - 4.5 BWR CANIST[RS/D
WELD /JID HEAT TAEAT 8.3 PJR CA!IISIKRS/D

VENT 6 RESEAL

FISSION GAS I FL" L PISS-sfsKRKT[ FAIli'J PINS

i

PLACf PI.' IN I"FQ Ccrc
nR IV SHFAR IU" KINK

WL': I'rs I I

t ALTEQNA'TIVE 4

INH R CANISTER WITH OA K '

OFF GAS

VA J I I RI AC E C 1 f Ul L
n.3 v[455-lirST rcrATI

GLASS FRlf

lli'lrR CAc5 I Tiv,.OcsRv STGRKCK.[nnta~GI
IHSFCCT 4 CAc-'ELD CA:

loAn llllo TRANSPOR1 CASF.

DECOR sn U~ilnol

LICUID WASTE

I
DECONTAVIILQIE

ALTERNATIVE ~

LNI'11 TRAIISI'ORT CASK

I

PLUJ vKRIAL rhrLI.-W[LD LA

'ICKI Lito
SHIELD PLUv

R[l ~ Al I I 4 2 - 43 SHIFLD PL¹5/0
ALI 3 6 4 ~ 12.8 ivHI[lo PLUGS /0

FIGURE 4-2

PROCESSES !vtATERIAL FLOW



Process and the additional or different process steps of the alternative

processes. The processes are identical to the point where the spent fuel is

removed from pool storage; after the spent fuel is canistered, the processes

ai e again identical.

4.1 DESCRIPTION OF PROCESS AND FACILITIES

The Reference Process and the alternative processes have certai n

elements of commonality. These are di scussed in Section 4.1.1. The elements

of the alternative processes which differ from the Refer ence Process and among

each other are detailed in Section 4.1.2 for each alternative,

4.1.1 Reference Process and Common Process Elements

The spent fuel is received by rail cask (90/) and truck cask (101).*
The carriers with shipping casks are inspected for sabotage and radiation

contamination... at outdoor inspection stations. Uncontaminated carriers with

casks are washed to remove road dirt and moved into a preparation area through

an airlock . Contaminated carriers are not washed at the outdoor inspection

stati on; they are moved directly into the preparati on area, where road dirt is

removed. Cranes unload the casks from the carrier at the preparation station.

The cask is moved into the wash and cooldown pit, where vent and cooldown

hoses are manually connected. The vent gas and water coolant are monitored to

detect radi ati on which would result from damaged fuel assemblies. The water

effluent is treated and recycled; off-gas from the venting system is piped

into the off-gas treatment system, then released into the stack system.

When the temperature is lowered to 115F (46C) the shipping cask is

transferred to the stainless-steel-lined unloading pool by a 125-ton crane.

The cask cover is removed, and the fuel assemblies are lifted and moved to an

inspection station within the pool by a 5-ton gantry crane. There each fuel

assembly is i dentifi ed for accountability purposes and moni tored for acti vi ty

level. Damaged assemblies are isolated in special containers for transfe- to

+Refer ence (1) assumes the rail cask to be the IF-300, manufactured by General

Electric and the truck cask to be the NLI-1/2, manufactured by National Lead

Industries.
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a Special Function Cell for further processing. Leaking or damaged assemblies

which require isolation and special containment are defined as those which

evidence clad damage to the extent that particulate radioactive material may

escape. Those from which the fission gas has been released due to damage to

the clad, but which 'how no obvious clad damage, will be processed

conventionally.

After inspection, the assemblies are loaded into ba kets by the

gantry crane. Three types of baskets enter the system as needed:

- PWR assembly baskets which have a capacity of 4 PMR

assemblies

- BMR assembly baskets which have a capacity of 9 BMR

assemblies

- Baskets for damaged fuel containers

Three of these baskets are handled on each canal buggy, which moves on

corrosi on-resi stant rail s located below the water surface. The gantry crane

pushes the canal buggy from the spent fuel unloading pool under the storage

separation wall to within reach of the storage gantry.

The spent fuel assembly baskets move directly from the unloading

pool to the presentation pool or to the Weld and Test Cells. The presentation

pool is equipped with 52 fuel basket racks; if it is full, the baskets are

stored in the lag storage pool, which consists of two pools each equipped with

240 fuel basket racks. The storage pools and the presentation pool are

connected by canals with the unloading pools and the Meld and Test Cells. All

pools and canals have stainless steel liners, cooling, and decontamination

systems. Double-gate locking systems isolate the canals and each pool, The

gates permit draining of an isolated pool or section of a canal. The gates
are sealed by double inflatable seals. Two 5-ton gantries travel on common

rails over the lag storage pools, the presentation pool, the transfer canals
and the canal buggy unloading ar ea. These gantries are desi gned to receive
the canal buggies from the unloading pool, remove the baskets from the canal

buggy, transport the baskets to the storage or presentation pools and place
the baskets in the storage rack, retrieve the baskets from the racks and place
them in the transfer buggy for delivery to the Weld and Test Cells. The crane
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can also take the basket directly through the canal to the transfer buggy

loading area from the canal buqgy unloading area outside the cask unload

station.

The transfer buggy is loaded with a fuel basket at the front of the

presentation pool and is propelled by electric-motored traction drive located

above the transfer canal, moving the transfer buggy to the head of either of

two Meld and Test Cells.

The subsequent processing of the spent fuel assemblies varies with

each alternative process until the fuel is canistered, after which the

processing of the canistered fuel is identical for each alternative process.

The preparation of the spent fuel for the Reference Process is
straightforward. The unmodified fuel assemblies are lifted from the transfer

buggy into one of three fuel assembly driers, where heated air is blower-

circulated to dry the fuel assemblies and basket. Accumulated moi sture i s

exhausted from the drying chamber. At this point the unmodified fuel is ready

for insertion i nto the canister as shown in Figures 3-5 and 3-6. The modifi ed

fuel of the alternative processes is not dried in this manner, since the

additional time required to process the assemblies will allow the fuel to dry

sufficiently. The perforated fuel baskets allow the majority of the water to

drain as the basket is lifted from the transfer canal.

After the spent fuel has been'nserted into the canister, the

packaging operations are identical for all processes. The canister is fitted
with a fixture which permits evacuation of the interior and introduction of

the stabilizer. The canister cap is placed into position by a manipulator;

the canister and cap are then transferred to the welding station.

At the welding stati on, helium is introduced through a valve bui lt
into the canister cap, displacing the air inside the cap. The welding

positi oner clamps the cap to the canister. A plasma-arc welder is posi tioned

on the cap, i ndexed to the pintle, and the cap joint is welded while the

welder head is rotated at welding speed. After the cap joint is welded, the

helium pressure is increased to 5 psig, A probe inserts a mechanical sealing

plug in the cap valve opening and a welding head automatically seal-welds the

plug. On completion of all the welding operations the canister is transferred

by the overhead 3-ton crane to the weld heat treat station.
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The cap weld joint is examined by ultrasonic transducer equipment

which is rotated in an orbital path around the canister cap joint to search

for discontinuities in the weld. If no defects are found, a transfer jib
hoist moves the canister into position for leak testing. Defective welds

noted at this position will cause the canister to be routed to the Special

Function Cell. In the Special Function Cell, the 'efective canister is
overpacked in a titanium canister, filled with stabilizer, capped and welded.

The jib hoist moves the canister into position for the final leak

test. Fach Weld and Test Cell has two leak test stations equipped with tank

type enclosures. Canisters acceptably passing the leak test are moved to the

radiati on survey stati on; those failing the leak test are moved to the Special
Function Cell for rework as described above. The assumed failure rate is 2

percent of the total canistered assemblies.

At the radi ation survey station the canister is moni tored for
external radi ati on and a master-slave manipulator obtains swipe samples which

are sent to the laboratory for measurement of the canister's external radio-
active contamination.

Canisters that pass the survey and swipe tests are transferred by

the overhead crane through the cell floor port into the transporter below or
to the temporary storage area in the ceil. If excessive surface contamination

is found, the canister is routed to the decontamination area. After a bath

(agitated by ultrasonic transducers for cleansing action), the, cani ster i s

dried and returned to the radiation survey station for retesting.

The sealed and decontaminated spent fuel cani ster i s placed on a

transporter and moved to a loading port, where it is transferred into a cask .
The cask containing the spent fuel canister is moved to the burial shaft and

placed by crane into a cage which transports the cask down the shaft to the

underground repository. At the bottom of che shaft a crane pi cks up the cask

and places in on a cask transporter, which then moves to the storage area.

A bur i al hole is prepared to receive the spent fuel cani ster in the

following manner: A hole is drilled in the salt, and a 30 cm layer of
bentonite is placed and packed into the bottom of the hole. The lower section
of the Inconel liner is parti ally lowered into the hole, then held i n
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place while the upper section of the liner is positioned. The liner sections

are welded, heat treated, and examined by non-destructive testing. The liner

is lowered onto the bentoni te, and the annulus between the outside of the

liner and the inside of the borehole is filled with bentonite. The bentonite

in the upper portion of the hole is packed to provide shielding protection

from the emplaced canister. A layer of sand is placed in the bottom of the

Inconel liner to serve as a separating support for the cani ster. A collar
with shielding shutter is placed over the prepared burial hole. The collar
rests on the salt floor and provides support for the cask as the canister is
removed. The burial crane positions the transfer cask over the hol~; the

shutter in the collar and the cask bottom are remotely opened and the canister
is lowered into the burial hole by the cask cable mechanism, The shutter i s

closed on the hole collar, and after closing the bottom opening of the cask i t
is removed by the burial crane. The space between the liner and canister is
remotely filled with sand and a prefabricated shield plug in a shielded

container is placed over the collar. The shield plug is placed in the burial

hole in the same manner as the canister. The shielded container is lifted
from the emplacement and the collar removed'n Inconel cap is placed on the

shield plug and welded to the Inconel liner. Testing this weld completes the

emplacement procedure. The waste package is now complete and the final

configuration is as shown in Figure 3-4 . The configuration for the

a'fternative processes differ only in dimensional detail.

4.1.2 Process Variations in Alternatives 1-4

All of the alternative processes require the removal of the end

fittings from the assembly; Alternatives 3 and 4 require separation of the

pins from the rest of the structural components. The following paragraphs

describe the processing of the assembly for each alternative through the

insertion of the modified spent fuel into the canister.

4.1.2.1 Alternative I

The assembly is lowered by a three-ton crane through the receiving

port into the end fitting removal area, where it is received by a specially
desi gned carousel. The carousel wi i 1 secure the assembly, rotate irom
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vertical to horizontal, and position the assembly on the table for sawing.

Two process lines are provided in each Weld and Test Cell (WTC). Two hacksaws

are placed in pos'ion, one near the top end fitting and the other near the
bottom end fi tting. Positioning is monitored by an operator through a viewing

window and remote television monitors. Adjustments are made for precise
positioning of the saw at a location between the end fitting and the fuel pins

so that the cut will not enter the fuel cladding. A shroud fits over the saw

and end fitting to mi nimize spread of contamination and water to the cell.
~')

The sawed off end fittings are stacked on a table in the cell for further
processing. Saw fines will be recovered by settling and filtration of the
water and the water will be recirculated. The hacksaw also contains a small

sawing unit to cut the bail off the top end fitting of a BWR assembly at the
same time the end fitting is being sawed off .

Each process line is provided with a rail-mounted canister
strongback. Each strongback is mounted on pivots and can be erected to a

vertical position to receive the empty canister, which is lifted by the cell
crane through a floor port located at the end of the process line near the
si.ronyback. Clamps on the strongback grasp the canister, and the strongback

is lowered to the horizontal position and moved on its rails to a point
contiguous to the saw table, and in line with the assembly. The saw table is
equipped with a powered roller bed which rolls the fuel assembly into the
canister. As in the Reference. Process, one PWR assembly is placed in a

canislel and two BWR assemblies are placed in a single canister. The filled
canister is transferred to the canister carousel after the canister
strongback has been raised to'ertical.

The end fittings are packaged in a canister simi lar to the assembly

canister and proceed through th'e Weld and Test Cell in the same manner as the
assembly canister. The Special Function Cell is modifi .d so that the end

fittings can be removed from the damaged BWR assemblies and the end fittings
are packaged as in the Weld and Test Cell. The damaged PWR assemblies are
placed in the longer BWR canister without removal of the end fittings. The

canisters from the Special Function Cell enter the Weld and Test Cell at the
weld heat-treat station. The above-ground packaging facility layout for
Alternative 1 is shown in Figure 4-3. The Weld and Test Cell has been
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extended by 10 meters over the Reference Process WTC to accommodate the

additional operations and equipment necessary. The canisters for this
alternative are identical to the Reference Process except in length; shorter

canisters may be used due to the removal of the end fittings from the

assemblies.

4.1.2.2 Alternative 2

The end fitting removal in the Weld and Test Cell (WTC) follows the

same process described in Section 4.1.2.1. Because of the additional process

time required for the venting and resealing operation, it will be necessary to

saw two BWR assemblies at the same time in order to provide an acceptable

capacity reserve margin. The saw table of Alternative 1 will be modifi ed to

accept two BWR assemblies. As in Alternative 1, two process lines are

provided in each WTC.

The empty canister, which has the same capac'ity and dimensions as

the Alternative 1 canister, is brought into the WTC as described for
Alternative 1. After the sawing operation is completed, the assemblies are

inserted partially into the empty canister. The canister is then moved part

way into the outer compartment of the vent/reseal chamber. An inflatable seal

is secured around the open end of the canister and the assembly is positioned

and secured with a clamping device which gr asps the top spacer(s). The system

is sealed and evacuated. Each fuel pin is then pierced by the laser device,
whose optical system is mounted on an XYZ translator system. After venting,

each pin is resealed by a defocused laser beam. The outer compartment i s

sealed off from the inner compartment, and is backfi lied with argon. The gas

which was removed from the chamber is treated if necessary before release.
The seal on the canister is deflated, and the canister is removed from the

chamber. A manipulator pad pushes the assembly end fully into the canister.
The canister is returned to a vertical posi tion and transferred to the

canister carousel and from there to the stabilizer fill and cap welding

stations. End Fittings are handled as described for Alternative 1. The

Special Function Cell also operates the same as Alternative 1, The above-

ground packaging facility layout is shown in Figure 4-4. The WTC has been

extended over the Reference Process WTC by 14 meters to accommodate the

additional operations and equipment necessary.
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4.1.2.3 Alternative 3

The carousel receives the PWR assembly from the drain station and

secures the assembly in the vertical position (Case 1). The carousel then

rotates the assembly to horizontal and deposits the assembly on the saw table
and the end fittings are removed in the same manner as in the Alternative 1

process. Two BWR assemblies are received and sawed together as in the
Alternative 2 process. However, because of the rate of throughput of this
operation, two entry ports with two receivi ng strongbacks ar e necessary for
the BWR operations to provido an adequate margin of reserve capacity.
Therefore, the second Weld and Test Cell has been further modified to provide
these two entry ports from the drain station (Case 2). The carousel is not
used in this cell and the saw table is designed to receive the two BWR

assemblies vertically and then rotate to horizontal for the sawing operation.
Both end fittings are removed.

The pins are pulled one row at a time; the pin pulling mechanism is
the same design concept as that of the Barnwell Nuclear Fuel Plant (BNFP),
which wi 1 1 be described in Section 4.2 in some detail. The receiving canister
is designed to hold three PWR assemblies (792 pins) or eight BWR assemblies
(512 pins). The PWR pin canister has three sections of 120 degrees, each
holding pins from one assembly. The BWR pin canister has four sections of 90
degrees, each holding pins from two BWR assemblies. The canister and inner
cage for PWR pins are shown in Figure 4-5. The collected pins are pushed from

the collection trough into one section of the canister by a telescoping
hydraulic pusher. The canister is then rotated 90 degrees or 120 degrees to
position the next section for receiving fuel pins. These operations are
repeated until all sections of the canister are filled.

End fittings will be packaged as in the Alternative 1 process. The

additional hardware from the assembly skeleton are the grid spacers of the BWR

assembly and the spacers and guide tubes from the PWR assembly. This hardware

will be sheared and compacted in an assembly-type canister and proceed through
the Weld and Test Cell operations when filled. The Special Function C~ll will
operate in the same manner as the Alternative 1 process, except that fuel pins
which are damaged would be transferred from the WTC to the Special Function

53



1/4 In. TITANIUM CANISTER~
14 In. I D

(35.56
1/S in. STEEL-

GUIDE CAGE
13.25 In. I.D.

(33.6 cm)

(7.6 cm)

in. (9.2 cm)

E E
O

Ol IO
co 0
C9 W

C C

0 OI
IO IO
1

K o

E E
O
0) r
co w
c>

C
C

CV
'
CV

1

o- cc

o G3

This is a representation of the
PWR trisection canister. The

IIWR canister has four sections.

1/2 in. STEEL .

(1.3 cm)

2:1 ELLIPSE 3.625 in. (9.2 cm)

FIGURE 4-5

DETAIL OF ALTERNATIVE 3 SPENT FUEL CANISTER ASSEMBLY

54



Cell for canistering. The packaging facility layout for this alternative is
shown in Figure 4-6. The Weld and Test Cell has been extended over the
Reference Process WTC by 17 .4 meters to accommodate the additional operations
and equipment necessary. Several corridors have also been relocated.

4.1.2.4 Alternative 4

The spent fuel assemblies are received as described for Alter-
native 3, the end fittings removed and the fuel pins pulled.

The separated fuel pins are either collected in or subsequently
pushed into a square container which serves as the feed magazine for the fuel
pin shear. The loaded magazines are transferred through an airlock (for
contamination control) into the Shear/Encapsul stion Cell, in which are
located the fuel shear, the vacuum casting stations, the heat treat stations,
and the capping and welding stati ons for the inner canister. The fuel i s

sheared into 51 mm lengths which are dropped from the shear plenum directly
into the perforated basket within the inner canister; the inner canister is a

stainless steel can, fabricated from eighteen-i nch, Schedule 10 pipe. The

inner perforated basket is fabricated of 3.18 mm stainless steel sheet; the
outer canister, inner canister and inner basket are shown in Figure 4-7 . The

purpose of the perfor ated basket is to provide an annulus just inside the
inner canister which will not contain sheared fuel; this will allow for a

monolithic shell around the sheared fuel.

The fuel pins from three PWR assemblies or eight BWR assemblies are
sheared into the inner canister. Because of the greater bulk of the BWR fuel
pins, the canister for use with this fuel is 46 cm longer than the canister
used with PN fuel. When the specified quantity of fuel has been sheared into
the inner canister, the canister is moved to one of three vacuum furnaces
where it is first heated to 2192-2282F (1200-1250C), evacuated, and filled
with molten glass at 2282F ( 1250C). The molten giass is introduced through the
central tube which extends to the bottom of the canister; thus the canister is
filled from the bottom. The temperature wi 1 1 be maintained at a high enough

level to assure fluidity of the glass. Volatile material released during the
evacuation stage is collected for treatment in the off-gas system.
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After all glass has been transferred to the canister the vacuum is released,

and the canister is cooled over a two-hour period to a temperature of 1200F

(650C). It is then removed from the encapsulation furnace and transferred to

one of six heat-treat furnaces where it is soa". ed at 1200F (650C) for three

and one-half hours, following which it is heated to 1560F (850C) and annealed

for six hours. At the end of the annealing, it is force-cooled to a

temperature between 392F and 572F ( 200 and 300C). It is then transferred to

lag storage, where it is held until ready for capping and sealing.

Fuel assemblies which are received in a damaged condition are

transferred directly to the Special Function Cell as in the other processes.

Here the end fi ttings are removed and the skeleton with the fuel pins in

place, together with any broken pieces, are placed in a special thin-walled

square aluminum container, which is seal welded for contamination control,

and placed in a shear magazine for transport to one of the Shear/Encapsulation

Cells. One standard PWR assembly is packaged per transfer box, or two

standard BWR assemblies. Fai led pins from the Weld and Test Cell do not go to

the Special Function Cell, but are placed in the shear magazine with the other

fuel.
Off-gas collected during the shearing operation and during the

evacuation/heating cycle in the encapsulation operation is routed to an off-

gas treatment system.

The packaging facility layout for Alternative 4 is shown in

Figure 4-8. The increase in the length of the process module requi red to

accommodate the added operations is approximately 45.7 meters. The

orientation of the proc's cells has been rotated 90 .degrees, necessitating

some changes in the routi ng of the transfer tunnels. Some expansi on of the

Special Function Cell is also required.

4.2 ASSESSMENT OF ALTERNATIVES

Each alternative process was assessed and ranked relative to the

Reference Process. The relevant concerns for the assessment were separated

into four categories: the level of the technololgy required to effectively

perform the processing of the spent fuel, the oper'ational procedures

necessary to carry nut the process, considerati on of the safety and ri sk

aspects of the process, and the economics of the process
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4.2.1 Technical Assessment

The technical assessment considered the overall technical and

engineering practicability of the additional operations and procedures

required over those in the Reference Process, including the status and

development of the process technology and equipment, the amount of prior

experience which could be drawn upon, an assessment of the development effort

required, the effectiveness of safeguards, and the acceptability of the waste

form.

4.2.1.1 Basi s of Assessments

The technical assessment was based on first identifying the

additional technology and equipm nt necessary to eff ctively implement each

alternative over that of the Reference Process, then considering the status of

tho. additional process technology anc equipment in terms of the current state

of development and the time required to complete development for application

to the spent fuel disposal process on a large scale. An analysis of prior

experience with similar technology and equipment was made, taking into

considerati on the unique need for remote handling and maintenance required

due to the radiation hazards involved. The effectiveness of safeguards during

processing and in respect to the final waste form were also considered. The

additional equipment required for each alternative over that required for the

Reference Process is shown in Figure 4-9.

4.2.1.2 Compai ative Assessments

All of she alternative processes requi re the removal of the end

fittings from the spent fuel assemblies. Allied-General Nuclear Services

(AGN~) is currently conducting studies and research concerning spent fuel

disassembly at the Barnwell Nuclear Fuel Plant (BNFP). Experimental demon-

stration efforts at BNFP were focused on the friction sawing and laser cutting

of simulated PWR assembly end fittings (5,6,7). AGNS concluded that the

friction sawing was a promising option but that further study would be

necessary to arrive at a suitable faci li ty design. The current tests of

friction sawing have demonstrated the amount and size of fines generated, the
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length of time for the operation, and assurance that the cutting operation can

be accomplished without breaching the fuel pin cladding. AGNS further

concludes that laser cutting, although feasible, requires further refinements

in the observed cut quality prior to inclusion in the disassembly operation.

Nuclear Assurance Corporation (NAC) describes in a conceptual report an ai r-

powered cut-off wheel or arc-saw for remov=.l of end fittings in a pool storage

area. This sawi ng operati on i s accomplished with the assembly in a vertical

position and only the top end fi tting is removed (8) .

Examining an alternative to the CRRD, Bechtel considers the removal

of end fittings in a modified Weld and Test Cell using a cut off saw,

posi tioner and hydraulic ram, horizontal canister loader, remote manipulators

for handling cut off end fittings, and a canister carousel (9) . Considerable

experience with end fitting removal was obtained at the NSF - West Valley

reprocessing plant. After several modifications to the apparatus, a dry

abrasive disc blade was used to cut off the end fittings from irradiated fuel

assemblies. The saw was mounted on rails and the fuel assembly was lined up

for cutting with a pushout ram (10).

Component development on hacksawing and bandsawing has indicated a

decided advantage for hacksawing. While bandsawing was quicker, hacksawing

minimized or eliminated burrs on the cut thimble tubes (7). The adaptability

if the hacksaw to the remote operating and maintenance requirements for sawing

the end fi tti ngs of a dry fuel assembly seemed to be essenti ally equal to or

better than that of the bandsaw. Furthermore, a hacksaw is a rugged piece of

equipment and involves less complicated blade changing for remote

oper ati ons.
I)

Technology and equipment are available for the design, fabrication

and construction of a wet sawing table with provision for a stream of water

circulating over the saw blades while in operation; the suspended saws

required for cut"::~'ng do not appear to present any significant design problems.

Background experience pertaining to such an operation as envisaged for the

alternatives is, however, rather limited (NFS and AGNS). Previous experience

and the development efforts have primarily involved dry sawing methods.

Considerable development needs to be done on the wet sawing process, as

envisaged, specifically the components of the saw table including proper

62



mechanisms for alignment of the fuel assemblies, the sawing equipmert and

shrouds. This also would include developing a system which is operable in a

remotely maintained cell for removing and collecting the saw cuttings (fines)
from the circulating water. Estimated develop ~n:i;i time is 18 months.

Settling and filtration equipment sui table for removing the saw

fines from the water used with the sawing operation are standard items. A

series of filter cartridges in the water circulating system should be

sufficient. The filtration equipment should be located withi n the cell and

accessible to a manipulator for occasionally changi ng the container that
collects the i'ines. The container with the fines then can be processed with

simple equipment and transferred to the low- level waste treatm nt

faci1 i ti es.

Technology is available for the design, construction and operation
of the tilting strongback table for receiving, holding, and rotating the empty

canister to receive the fuel assemblies. However, a prototype strongback

table will need to be constructed and operated in conjunction with a prototype
sawing table for experience with the performance of the system and allow for
any necessary adjustments to the design and operating controls.

The vertically rotating carousel with a horizontally rotating
strongback is unique but there is no reason to suspect that such a carousel
cannot be designed and successfully operated. A prototype could be

constructed and tested within a year's time.

There are no safeguards areas of concern for end fitting removal

operations. The fuel assemblies can be inspected and counted on completion of
the operation. Canistering the assembly completes the differentiation
between Alternative 1 and the Reference Process. The technical assessment of
end fi tting removal appli es to al 1 al ternati ves. There i s no concern

regarding the acceptability of the Alternative 1 waste form, as it is the 0'arne

as for the Reference Process, minus the end fittings. The status of the
equipment and process technology of end f i tting removal for Alternative 1 do

not indicate any serious drawbacks to its implementation.

The level of technology required by Alternatives 2, 3, and 4 is
progressively higher than that of Alternative 1; those alternatives require
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the same end fitting removal technology plus additional technology for the

venting and resealing of the pins, pulling of pins, or shearing and

immobilization of pulled pins.

In support of technology development for fuel pin venting, AGNS has

developed a series of prototype laboratory tests on stainless steel and

Zircaloy tubing in conjunction wi th a laser designer and vendor (Laser

Incorporated, Sturbridge, Massachusetts) to demonstrate the laser venting and

reseali ng process (6). The initial tests refined the parameters of laser

power, pulsing rate, hole size, and beam optics. Later tests on both

penetrating and resealing the simulated LNR fuel cladding were designed to

demonstrate repeatability and consistency with a large number of samples. The

following results were observed:

optimal hole diameter appeared to be 0 .25 mm,

rewelding results in a new wall thickness of 0.46 to
0.51 mm (75 percent of original wall),

inert cover gas prevents oxidation and results in a
superior seal weld,

cycle interval is 3 to 5 seconds (repositioning the fuel),
recycle time of pulsed laser is one second,

repeatability i s excellent (99+ percent), and

heat-affected zone is quite localized.
Further testing is planned on the dri 1 ling of pressuri zed tubes to

develop optimal hole si ze under pres'rized condi ti ons to assure both

adequate venti ng of gas and a hole suitable for rewelding.

Additional equipment required for Alternative 2 includes the

following:

wet sawing table modified to be capable of holding and

sawing two BWR assemblies at a time,
,l,

vacu. i chamber with laser piercing and sealing device for
venting the fuel pins, and

treatment system for the off-gas vented from the pierced
fuel pins.
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The wet sawing table and its operations are covered in the assessment of

Alternative 1. There are no foreseeable difficulties in modifying the table

so that it will hold and saw two BMR assemblies at a time.

The vacuum chamber must be equipped with a device for individually

piercing with a focused laser beam the exposed ends of fuel pins, evacuating

the pin, and then sealing the hole by varying the laser beam strength and

optical parameters. In addition to the AGNS work mentioned above, it is known

that Exxon Nuclear uses a series of similar operations on unirradiated fuel to

vent, pressurize with helium, and seal individual fuel pins; however, the

rejection (or success) rate for the final product is not known. To perfect
such an operation on irradiated fuel, piercing and resealing individual pins

in an array with some of the pins possibly being out of line, will require

additional development of appropri ate technology and apparatus.

Optimistically, it should take an additional two years of effort to develop

the feasibility of the process and another year for demonstrati on with

irradi ated fuel.

There are no firm data upon which to estimate the composition or

quantity of the gas from venting and evacuating the reservoir end of a spent

irradiated fuel pin. The gaseous fission products, tritium and radioiodine,
are reactive and presumably will be tied up in the solid structure of the

uranium dioxide fuel material. They would not be released in significant
quantities until the structure of the fuel is disturbed, e.g., by dissolution

or oxidation. The same can be theorized for any carbon-14 that may be formed.

However, i t i s known that some tritium does migrate through the uranium

dioxide fuel and could be present in small quantities in the vented gas. Of

the fission product noble gases, the radi oxenons ha, e half-lives of twelve

days or less and will have decayed away by the time the fuel pi ns are vented,

although there is a substantial quanti ty of stable xenons r emai ning. The

other noble gas, krypton, contains si gnificant quanti ties of the radi oactive

krypton-85; it is chemically unreactive and can migrate through the molecular

structure of the fuel. Radiokrypton probably will be present to some extent

in the gas reservoir at the end of a fuel pin.
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Information from the Savannah River Laboratory (11), supplemented

by information obtained in discussions with 0. 0. Yarbro of the Oak Ridge

National Laboratory, indicates that even sheared irradiated fuel, several

years out-of-reactor, wi 1 1 release very little tritium, r adioiodine nr

carbon-14 if the molecular structure of the fuel is not disturbed. However,

depending on the circumstances, a significant fraction of the radiokrypton

may evolve when the fuel cladding is ruptured. Based on the foregoing and in

the absence of firm contradictory information, it is concluded that the only

significant quantity of radioactive material that can be expected to be

included in the vented gas is the radi okrypton.

The krypton can be removed from the vacuum system off-gas that

results from venting and evacuating the fuel pin by freezing it out with a

cryogenic process, which wi 1 1 also recover the xenons. Equipment and

technology for cryogenic processes are well known and routinely used in the

commercial liquid air industry. A cryogenic system for the recovery of

radioxenon and radiokrypton has been operated intermittently for over 15

years at the fuel reprocessing facility (Idaho Chemical Processing Plant) on

the site of the Idaho National Engineering Laboratory ( 12).

The lack of firm data indi cati ng the composi tion or quantities of

gas released by evacuating the end of a pierced spent fuel pin suggests that

further study is desirable to determine if a treatment process for the off-gas

is necessary; it may be that the gas could be released through the cell

ventilation exhaust treatment system with no si gnificant ri sk entailed.

Venting of the fission gases by a laser is not required for

Alternatives 3 and 4; there is the need for the equipment to accomplish the

removal of the end fittings as described for Alternative 1. In addi ti on to

the specialized equipment required for Alternative I, Alternative 3 requires

the following:

wet sawing table mechanically modified so it
will tilt 90 longitudinally to receive fuel
assemblies; all sawing tables modified to be
capable of holding and sawing two BWR assemblies
at a time
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pin pulling machine with a pin collector trough

pin pushing mechanism for pushing a group of pins
into a sector of a canister or into a shear
magazine

device for rotation and seating of canister

shear for fuel assembly skeletons

compactor for fuel assembly hardware

Alternative 4 requires the above equipment as well as additional equipment

discussed later in this section.
There are no foreseeable mechanical difficulties in modifyi ng the

wet-sawing table so that it will tilt forward 90 longitudinally to receive

and clamp i n place two BhR fuel assemblies for wet sawing. Nor are there any

foreseeable mechanical or operational difficulties in wet sawing two BhR fuel

assemblies at a time compared wi th sawing them one at a time. It may be

necessary to modify the clamping and holding devices for the P18 and BN fuel

assemblies on the sawing table so they are capable of firmly holding the fuel

assemblies in the appropriate position for withdrawing the fuel pins (pin

pulling), and it will be necessary to add longitudinal restraint to hold the

PNR assembly agai nst the pulling force.

The pin pulling mechanism required for Alternatives 3 and 4

requires a technology equivalent in complexity to the laser devi ce requi red

for Alternative 2. AGNS is conducting studies and research concerning spent

fuel disassembly and fuel pin canistering at BNFP and have designed pin

pulling equipment with the following sp'cifications:

processing rate of 12 to 15 assemblies/day,

pin pulling rate of 2.54 cm/sec, and

pulling one fuel pin row during a given pull.

The individual biter in the pin pulling equipment was designed to

hold a minimum pull 200 lb and to release before an upper limit force of 250 lb

was generated; it was also intended to minimize the biting force required to

meet these previous criteria (50-100 lb), and dimensionally not to exceed the

defined envelope. A prototype biter unit has been built and tested;
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conclusion of the testing is that the device will function satisfactorily to
remotely pull fuel pins from an assembly in a fuel disassembly process.
Testing has not demonstrated any significant modifications required.

Based on the experimental work described, a multibiter head has

been designed which will pull a row of pins at a time (7). A device to this

design has been built and is undergoing testing; ultimately it must be tested
with irradiated assemblies, to demonstrate the feasibility of the process and

the extent that pin failure can occur. Further work is suggested by BNFP in

scoping and investigating alternative handling, examination, and assay of the

fuel pins once they are free of the fuel assembly. Results should impact both

safeguarding and characterization of spent fuel. Also, verif',cation o

current results with simulated irradiated effects, such as dimensi onal

changes generated by both nuclear and thermal processes, subsequent to an in-

depth characterization study, should be undertaken (7).

After the fuel pins are removed from the PWR fuel assembly, an

approximately 3.96 meter long skeleton consisting of the thimble tubes and

spacers remains. Only the spacers remain after the fuel pins and water rods

are removed from the BWR fuel assembly. A shearing mechanism is necessary to
shear the PWR fuel skeleton into small lengths for placing in a cani ster . A

suitable shearing mechanism that can be adapted for remote operation, with

manipulator handling of the fuel skeletons should require minimal development

work. However„ a prototype unit should be employed to demonstrate the full
range of operation. This same assessment also is applicable to the compacter

that has to be adapted to compacting the pieces of fuel assembly hardware in

the canister.

Alternative 4 requires much more equipment than for Alternative 3,
since in additi on to pulling the pi ns, the pins must be sheared into the i nner

canister and immobilized. The most extensive prior experience in shearing of

irradiated fuel was that accumulated at the Nuclear Fuel Services, Inc., West

Valley Irradiated Fuel Processing Plant dur ing the period 1966-71. The shear

employed at the West Valley Plant was fabricated by Birdsboro based on a

mechanical desi gn developed at the Oak R idge National Laboratory {ORNL). A

considerable amount of non-radioactive work wi ih simulated fuel assemblies

6B



had been conducted at ORNL, using a Birdsboro shear of essentially the same

conf i gur at i on as that subsequently in st al led at the West V a 1 1 ey P 1 ant.

Certain design features of this shear were less than optimum for the intended

service and problems developed during the cold shakedown operations which

persisted to some degree throughout the five and one-half years of operation.

The difficulties generally were of relatively minor significance, and after a

period of operation, the shear performed generally satisfactorily (13). A

device for shearing fuel pins was also installed by General Electric at the

Morris Plant (14) .
The French f irm Saint Gobain Techniques Nouvel les (SGN) has

designed and fabricated five shears f'r processing irradiated fuel, one of

which is installed at the Barnwel 1 plant of AGNS. The shear proposed for this
operation is that based on the SGN/AGNS machi ne, which employs several

basically different design approaches to those components of the shear which

gave problems in the NFS machine. Although the AGNS machine has not been

operated on irradi ated fuel, extensive cold shakedown operations, including
checkout of the remote blade change and other mai ntenance procedures, does not

appear to have indicated any fundamental problems with the shear . SGN shears

of generally similar design have been installed in reprocessing plants i n

France, Japan, and Indi a, and have been operated wi th irradi ated fuel.
Details of the operating experience with these shears, however, is not

available.

The vacuum encapsulation and heat treat furnaces required for spent

fuel irmobi lizati on are generally similar to equipment which has been used i n

similar types of commercial as well as radioactive operat',ons, and should

present no major equipment development problems.

A glass matrix has been chosen over cement or metallic alloys.
There is an extensive background of work on the application of various glass
formulations for the solidification of high level reprocess"'ng waste, and a

production facility employing a borosilicate glass formulation for
solidification of reprocessi ng wastes has been in operation in France for more

than three years (15). It does not appear, however, that any work has been

done on the use of glass as an immobilization matrix for sheared fuel, thus

the application proposed here will requi re a significant amount of
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development work. Selection of the gl ass ceramic matri x as the gl ass

formulation of choice for immobilizing the sheared fuel is based on the

assumption that the thermal and mechanical properties of such a glass system

would contribute better performance in the intended application than the

standard borosi1 icate glass formulation,

The adaptation of a number of glass ceramic systems to the

solidification of high level reprocessing wastes has been under investigation

on a small scale by several investigators in recent years (16). In extending

the small scale results to the application proposed here, a number of

uncertainties are introduced. The ability to duplicate in a large scale

container the temperature profile required for successful heat treating i s

questionable, and the influence of the thermal properties of the fuel

materials on the behavior of the contai ners in the heat treat cycle i s also an

unknown . A substantial amount of development work wi 1 1 be required,

therefore, and the final demonstration of . a satisfactory process must be

conducted on the same or nearly the same size scale as that proposed.

Difficulties which might be expected would be the inability to control the

crystal size adequately, with the development of relatively la~;g~'j crystals,

rather than the micro-crystalline structure desired.

Some problems are foreseen in conducting the ,encapsulation

operation according to the procedure set forth for Alternative 4, which will

require considerable development work before the feasibility of the process

as proposed can be demonstrated. Principal problems which are foreseen are:

a. The proposed glass formulation is expected to require a fusion
and casting temperature i n the range of 2200-2375F ( 1200-
1300C); this can be expected tn pose some problems in the
melter, which would be the Pacific Northwest Laboratories
(PNL) Joule-heated melter (17).

b. The operation would be conducted under vacua, and would

require that the canister of sheared fuel pieces be raised to
approximately the casti ng temperature before the glass intro-
duction is commenced. The vacuum on the system would be
relieved as soon as the molten glass covered the sheared fuel
body. The extent of out- gassing of the sheared fuel under
these conditions cannot be predicted with accuracy, nor can
the extent of migration of volatile fission products be quan-
tified. An off-gas treatment system more complex than that
described for Alternative 2 may be required.
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C.

d.

The inner canister material proposed is 0.318 cm stainless
steel, selected in order to provide adequate resistance to
corrosion at the temperatures involved. Notwithstanding, it
may prove necessary either to employ a more temperature
resistant alloy, such as Inconel 600, for the inner canister
material, or alternatively, ',t may be satisfactory to assure
an inert atmosphere ir. the annulus between inner canister and
the encapsulation fui nace. Inasmuch as it is likely that the
entire furnace interior would be evacuated during the vacuum
casting operati on, provision should be made i n the desi gn of
the furnace to assure that any in- leakage during the high
temperature operation is an inert gas, preferably argon.

The presence of a substantial fraction of the fuel in the form
of fines can be expected to lead to some processing problems.
Due to the density difference between the uranium oxide fuel
material and the glass (approximately 10.0 g/cm versus
3.5 g/cm ), it would be expected that the larger particles
would remain toward the bottom of the canister; the particles
of a sufficiently small size as to move upward wi th the ri si ng
glass are expected to react with the glass and become fixed as
a part of the matrix'o informati on i s available on the rate
of reaction of sintered UO> with molten glass, and such would
have to be obtained.

e. The lowest temperature at which a satisvactory rate of glass
flow and encapsulation of the sheared fuel pieces can be
achieved should be determined early in the development
program, as lower temperatures during this phase of the opera-
tion would resu'ilt in significant decrease in operating and
material problems.

Safeguards for Alternative 4 require that a sui table system of
traceability from identified assemblies to identified canisters be imple-

mented, since individual accountability of spent fuel by assembly is lost as

soon as the fuel bundles are disassembled. Any identification etched or
stamped on the individual fuel pins is lost when the pi ns .are sheared. The

sheared fuel is not considered to be easily accessible beoause of the high
)I

level of radioactivity present, however in this form the fuel is in a more
~I

dispersible form than for the other alternatives.

The acceptability of the waste form of Alternative 4, from the
standpoint of long term package integrity and radioactive releases, should be
at least as good as that provided by the other alternatives. Although the
barrier presented by the cladding has been breached by the shearing process,
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the additional barriers presented by the glass matrix and inner stainless

steel canister should provide the sheared fuel a high level of protection*.

4.2.1.3 Ranking of Alternatives

The relative simplicity and the great deal of prior experience in

the removal of end fittings from assemblies causes Alternative I to be the

most desirable method of spent fuel disposal of the four alternatives from a

technical standpoint. Alternative 1 can be considered to be essentially

technically equivalent to the Reference Process.

Following Alternative I in ranking by technical assessment are

Alternatives 2 and 3. The complexity of the pin pulling mechani sm of

Alternative 3 and the lack of experience of pulling pins from irradiated fuel

assemblies are its major technical drawbacks. The complexity and required

precision of the laser needed to vent and reseal the fuel pins are even more

severe drawbacks for Alternative 2, but to an extent, those factors. are

mitigated by the greater acceptability of the waste form because of the

release of internal pressure within the cladding; therefore Alternatives 2

and 3 are considered to be technically equivalent. Alternative 4 is the least

desirable method of fuel disposal from a technical standpoint. The process

technology involving immobilization is not well developed and is likely to

take considerable time to complete. Alternative 4 also shares wi th

Alternative 3 the technical drawbacks associated with the pin pulling

equipment. Furthermore, there is not a si gnificant amount of prior experience

to draw upon in the development of the immob ilization process on th scale

required, and the technical advantages of such a procedure ar e largely

speculative.

*Einziger, Himes and Cash (IS) state, "It i s apparent that the release rates
for all waste forms considered are comparable with none having any obvious
superiori ty" (p 70). They down-rate the sheared/immobilized waste form,
however, "because of uncertainties in fuel state due to loss of cladding
i ntegrity and additionally lack of time delay before onset of release in the
case of a premature canister breach" (p 72) ~ It should be noted that
Einziger, et al, did not take into account the sealed stainless steel inner
canister in their analysis; they also assume that the stabi lizer is cracked
and the sheared fuel is exposed to leaching immediately following breach of
the canister. In fact there would be a delay equivalent to the time r equired
to breach the inner canister.
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4.2.2 Operatinq Assessment

This section considers the oper ational aspects of each alternative

relative to the Reference Process, including an assessment of the addition 1

material handling requi rements and the product and operational quality

assurance needs.

It has been assumed in this assessment that an appropriate

development program has provided adequate information for good hardware and

equipment design to perform the necessary operations, including a demon-
strationn

of the abi lity to perform the required operations repeatedly and

safely. It is assumed, furthermore, that the operating life and maintenance

requirements of the key components have been developed and demonstrated to a

satisfactory degree of confidence.

4.2.2.1 Basis of Assessments

The operating assessment considers the aspects of 'he pi ocesse.-

from the standpoint of prob 1 ems likely to be encountered i n oper at i on,

control, maintenance, operational and product quality assurance, and any

other special consider ati ons related to facility, equipment, and process

materials. In developing an operating assessment" f each process for purposes

of comparing it to one or more alternative methods accomplishing the same

objective, the complexity of the process in terms of the number and character

of the operational steps involved and the problems likely to be encountered i n

adapting existing equipment and techni ques are o< considerable importance .

The extent of mechanical operations which must be conducted in the remote
!l

radioactive environment is a significant consideration in evaluating one

process against an alternative, as is also a requirement for equipment which

must be serviced and maintained by hands-on methods. A matter of particular

concern in assessing the feasibility of process equipment for remote oper-

ation in radiochemical environments is that of equipment reliability and ease

of maintenance or replacement. Control of product quality to predetermined

standards is an operational problem of considerable significance in processes

for preparing radioactive material for long-term storage or disposal. The
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need for special facilities or materials and the processing required for
secondary wastes generated by each process were identified and evaluated.

The number of packages to be transferred from the above-ground

facility to the repository is a consideration in assessing the operational

complexity, as is also the underground handling involved in emplacing the

packages. Material handling is, in fact, the dominant basis for assessing the

mining activities, as the level of operating activity in the repository is
determined by the number of packages received. The operational assessment

thus considered both above-ground and below-ground factors.

The operational steps which differ for each alternative and the

Reference Process were shown in Figure 4-10. These are the operational

process steps which are to be evaluated. Those areas of commonality are not

assessed except to recognize the reduction in material handling due to reduced

number of cani sters -in Alternatives 3 and 4 .

4.2.2.2 Comparison of Alternatives
O

The steps or operations which are required for removing the end

fittings are corrrnon to each alternative and are straightforward and not

complex. Additional handling of the assemblies occurs in placement of the

assembly on the saw table and correct positioning for the cutting

operation�

.
Additional material handling over that of the Reference Process occurs in

placing the end fittings (and bails) into a canister. There is an additional

canister to be handled for approximately every 36 BlS assemblies processed and

one for every 25 PMR assemblies. Changing the fines collection vessel and

disposing of the fines should occEi'-- vnce a week.

The process control for the end fitting removal operation requires

precision in adjusting the saws to proper cutting posi ti on on fuel assemblies

and in aligning the cani ster for recei ving a fuel assemb"y. Equipment wi 1 1

be designed for remote maintenance or replacement by remote manipulation.

Morn or broken saw blades wi 11 need replacement periodically. The process

equipment must be generally rugged yet capable of preci se posi ti oni ng; i t
should not be subject to a high rate of fai lure with the possible excepti on of
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the saw blades. The Weld and Test Cells of each alternative are designed so

that there is reasonable plant downtime avai lable to cope with both expected

and unexpected equipment failures and still meet thro;ighput capacity.

Capability to handle variations in the design ano/or type of fuel assemblies

can be accommodated with adjustable posi tioners and clamps on the sawing table

and adjustable sawing mechar,',sms or horizontally movable saws. To the extent

required, variations in the lengths of assemblies will be accommodated by

different lengths of canisters, and the equipment wi 11 be capable uf accepting

these variations as well.

(}uality assurance measures for end fitting removal are not

difficult and can be easily accomplish d. Visual observation, together wi th

interlocks between the saw table and saw mechanism will minimize the

possibility of inadvertently cutting a fuel assembly at the wrong place.

Records will be maintained identifying the fuel assemblies .'iat are placed i n

each canister as well as any fuel assemblies having breached fuel pins and

their disposition. Also, canisters containing the end fittings will be

identified.

Operational and maintenance problems for all alternatives are

therefore increa",ed over the Reference Process by the end fi tting operation

and the above assessments are applicable to each alternative. For Alternative

1, insertion of the fuel assembly into the canister completes the

discrimination between Alternative 1 process and the Reference Process as far

,,I
as operations are concerned.

A

For Alternative 2, after end fitting removal, the process includes

venting and resealing the top ends of the fuel pins. Piercing, venting and

reseali ng the indivi dual fuel pi ns is envi saged as being accompli shed by a

programned sequence arid movement of a laser that is correctly positioned to

penetrate, vent and reseal each individual pin. This additional process step

involves more material l.andling of the same material as the Reference Process

and Alternative l, with additional risk of accident.

The additional waste stream inherent in Alternative 2 results from

the radioactive gases vented from the pierced fuel pins. Handling this vented

off-gas stream is discussed in the preceding Section 4.2.1.
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Process controls include an interlock between the laser operating

mechanism and the positioning mechanism which precl udes activi tation of the

laser if it is not focused on the end of a fuel pin, a scanning device, and

controls for the vacuum apparatus and system which are standard industrial

items.

It is difficult ti conceive of remote maintenance being performed

on the laser optical equipment in the hot cell; it will therefore have to be

designed for ready removal for maintenance or repair; there is no experience

to estimate a failure rate for the laser mechanism. here should be minimal
I

maintenance required on t!ie vacuum chamber once it is installed and test.. d;

however, the apparatus that provides the vacuum tight seal around the girth of

a canister should be capable of easy replacement.. Both the vacuum pumping

equipment and the cryogenic uni t will have to be shielded because of the

radi okrypton . Since krypton is a gas, they can be:<jasi ly decontaminated for

contact maintenance. The possibility of contaminati,>n of the vacuum inducing

apparatus with radioiodine and tritium requires that means be provided to

decontaminate this sy'tem.

The laser system should be capaole of being programmed for various

standardized fuel pin arrays, giving Alternative 2 the same process latitude

as Alternative I or the Reference Process. Some level of quality assurance

will be provided by appropriate programming of the laser cycle; visual

moni .ori ng would provi de a coarse inspecti on ni the vent i ng and reseali ng

operati on. Incompletely resealed pi ns would not be reprocessed, nor would any

i ntensi ve i nspecti on procedures be adopted to id nt ify such pins.

Following the reseal operation the partially inserted assemb1y is
pushed all the way into the canister and proceeds through process operations

as the Reference Process and Alternative 1. Number and size of canisters is
the same a" Alternative 1.

After- the end fitting removal, the assemblies of Alternatives 3 a»d

go thl ough an addi ti Ona! d is assembly operation. The f uel p in s are pu1 1 od

from the assembly grid and collected for insertion in a canister (Alternative

3) or a shear magazine (Alternative 4). The remaining skeleton or spacers are

compacted and packaged as well as the end fittings.
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Pulling the fuel pins from an assembly, one row at a time, in

principle, is a comparatively easy operation; however, problems can be

expected if the fuel pins stick in their spacer s. The multiple-head bi ter

device for pulling a row of pins can also be expected to be a source of

operational and maintenance problems. The long and narrow fuel pins are quite

flexible and considerable care must be exercised during their handling as

:ndividual pins or as a collected group. Handling the individual pins and

pu;hing groups of them into the multi-section canister or the square shear

magazi ne can be accompli shed with little difficulty pi ovi ded these operat i ons

are done carefully. Proper precauti ons must be taken to avoid drcpping the

pins from the collection table and trough and to avoid excessi ve cross-overs

and/or bending. The effi ciency of the operation i s dependent on a low pin
I i

pulling failure and/or sticking rate during the pulling operation . Once a

fuel pin is stuck at the point of cut-off pulling force, it will have to be

dislodged by special handling, and for this purpose, the assembly would be

transferred to the Special Function Cell. In Alternative 3 broken or ruptured

fuel pins will be placed in containers and sent to the Special Function Cell

for processing. There is a greater possibility of cont ami nati ng the cell and

equipment during the operati on than for the Reference Process or

Alternatives I and 2; therefore, the cell must have the capability to handle

and control a considerable amount of decontamination waste.

The biter jaws are the most susceptible items for replacement;

quick in-cell replacement is desirable. The skeleton shearing mechanism jaws

should be capable of replacement by the use of remote manipulation. The

pushing pad for the fuel pins will have to be replaced as a unit. The

remainder of the equinment associ ated wi th the pin pulling operation is

mechanically or hydraulically operated and,.can be ruggedly constructed so

that little if any mai ntenance should be necessary.

There is no operating experience for estimating the failure rate of

the biter jaws and uni t; however, the iield and Test Cells are designed to

accommodate a reasonable amount of downtime and still meet production

capacity.

Rigid quality assurance measures are requi red duri ng design and

fabri cati on of the bi ter uni ts and the transducer unit in i:he pushing pad of
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the hydraulic ram to assure proper functioning and reliability of those items.

The quality control measures also extend to the maintenance and repair of the

biter units and other critical hardware at the packaging facility,
Documentation and control programs together with a records system which

assures reliable information on the identi ty of the nuclear material must be

implemented.

After the pins have been placed in the caniste~ sections,

subsequent operations are the same as for the Reference Process and

Alternatives I and 2. 8ecause of the increased fuel loading i n the cani;ter,
there are only 30 percent of the number of spent fuel canisters required for

Alternative 3 than for the Reference Process ano Alternatives I and 2.
Although the remaining process operations are the same as the Reference

Process, the reducti on i n canisters means considerably less material handling

for Alternative ', and a sharply reduced requirement for packaqe materials and

emplacement hole
operations'he

process of Alternative 4 picks up at the point where the pi ns

from 3 Pli ~ assemb1 i es or 8 Bt8 assemb1 i es have been pl aced in a shear

magazine. Subsequent operations involve shearing the fuel pins and high

temperature glass pouring and heat treating steps. Considerable i adioactive

particulate is generated, and radioactive off-gases may be released in

sufficient quantities to be troublesome. Considerable remote handling of

heavy, hot radioactive containers is required, and the shear equipment will

require moderately complex 'r emote m~inLenance procedures. At several points

in the proposed process, canisters are moved from one location to another in

the vertical position on dollies. In addition to lateral movement, some of

these dollies must also be capable of raising and lowering a loaded canister
from a work position to the transfer position. The requirement for
radioactive dust handling in the Shear/Encapsulation Cel 1 requires
sophisticated design of the ventilation system. Installation of extensive

decontamination facilities in the cell will be necessary.

The quantity of off-gas released in the Alternative 4 process is
expected to require an off-gas processing system. This is an additional waste

stream over the Reference Process and Alternatives I and 3; significantly
'1
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greater quantities of off-gas are likely to be encountered in Alternative 4

as compared to Alternative 2. The additional processing operations for the

off-gas treatment have not been defined, but are likely to have several

complications. Plateout of iodine in process lines and equipment may occur;

the process may have to be operated under a vacuum, which will create further

radioactive material control problems. Another secondary waste stream will

be the decontamination solutions and loaded particulate air filters.

Precise control of the temperature profile during the heat treat

cycle is required, including control of both the rate of heating as well as

the rate of cooling of the inner canisters following the encapsulation

operation. This is a reasonably straightforward control problem and should

not present unusual difficulties in reliability.

In the Shear/Encapsulation Cell, it can be expected that

significant quantities of radioactive particulate wi 11 be present and

equipment requiring mai ntenance will have to be decontaminated before removal

from the cell. Provisions for control of radioactive contamination include

airlocks at the access points of the Shear-Encapsulation Cell. The shear

proposed for Alternative 4 has been designed for ease of remote replacement of

the knife and replacement of other components which may give difficulty.
Maintenance on the furnaces is likely to be a source of operating difficulty.

A significant failure rate is inevitable with the amount of mechanical

equipment required. A reasonable level of maintenance outages can be

sustained without prejudicing the production goals.

There do not appear to be any inherent restrictions in the

capability of the process to handle any fuel which is likely to be presented;

thus, Alternative 4 is the same as the Reference Process and the other

alternatives in respect to process latitudes.

The operability of the process will be strongly influenced by the

quality of the design and the conformance of the equipment installations to

the design intent. Verification of the quality of the product by direct, non-

destructive means does not appear feasible; thus, control of the product

properties must be based on careful adherence to a predetermined process

procedure. The formulation of the glass matrix material must be carefully

controlled, and the prescribed heat treatment cycle must be followed
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precisely. Short of sectioning a canister for internal examination, there

appears to be no way to verify the integrity of the encapsulation.

Because of the nature of the qual i ty control si tuati on, as

described in the preceding paragraph, it will'e necessary to assure that

consi derable process documentation is maintained, as f inal product

certification will have to be based on reliable information concerning the

formulation of the glass matrix, processing times and temperatures, heating

rates, cooling rates, and at least dur',ng the initial hot operations, internal

canister temperatures. While not a difficult task, thi s will requi re a well-

organized system and meticulous attention to detail in its implementation,

A number of special demands on the facility and equipment design

have been discussed in the preceding paragraphs. These include the need for
addressing such matters as the design of process equipment for ease of r mote

operation, r emote servi cing and replacement of components, and

decontamination for hands-on maintenance work. The fa"ility ventilation
system must be designed with full consideration of the need for controlling
airflows to minimize the possibilities of dispersion of particulate
radioactivity from the Shear/Encapsulation Cell; airlccks must be provided at
the process accesses to this cell, and ventilation air from this cell must be

filtered before departure from the cell. Y~~'-;-;-ilation capacities in the

various ventilation zones must be adequate, and the inter-zone co»trois
designed to minimize the possibility of flow reversals due to pr~ssure

perturbati ons in the system, which might result in transport of particulate
contamination to occupied areas of the plant.

The number of spent fuel canisters resulting from this process is
the same .as that of Alternative 3 and 30 percent of those required oy the

Reference Process and Alternatives 1 and 2. Following welding of the closure
on the inner canister, the remaining operations are the same as the Reference
Process. As was the case for Alternative 3, there will be considerably less
material handling, sharply reduced usage of package materials, and reduced

repository operations.
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4.2.2.3 Ranking of Alternatives

In comparison to the Reference Process, all the alternatives

require added opet ati onal steps. Al 1 the processes require addi ti ona1

facilities and equipment, which increase operational and maintenance

problems. Alternative 4 is clearly the most complex, and involves the

greatest uncertainties in the feasibility of the required operations. In

terms of handling and the level of effort required in the repository,

Alternatives 3 and 4 are outstanding due to the reduction by 65 percent of the

number of canisters, both spent fuel and scrap, to be emplaced. Some of this

advantage is offset by the substantial additional in-process material

handling required by Alternative 4.

Alternatives 1, 2 and 3 are not sufficiently more complex than the

Reference Process to make them unattractive from an operational standp>int.

Alternative 3, however, offers the possibility of reducing the number of

packages to be processed to 35 percent of those required for the Reference

Process. This, and the similar reduction in cask transfer operations above

and below ground and the reduction in repository operations, makes

Alternative 3 t',;~ preferred process from an operational standpoint.

4.2.3 Risk Assessment

Each spent fuel disposal alternative was studied to compare its
relative risk with that of the Reference Process. Radiation exposures to

personnel from the Lag Storage Pool, Weld and Test Cell and Special Function

Cell areas, transfer cask, and waste package were calculated. Exposure to the

public from the disposal operations and from transportation of the spent fuel

to the disposal facility was considered, as well as the probability and

consequence of naive intrusion into the spent fuel package by a drilling crew

100 years af ter reposi tory closure. The potenti al f or accidents due to

criticality, fire, or explosion were also considered.

4 ~ 2.3.1 Basis of Assessment

Calculations of radiation exposure to disposal operations personnel

were based on ten year old spent PWR fuel. Source strength was based on the



dose rates calculated by Oak Ridge National Labor atory shown in

Figure 4-11 (19). The maximum dose rate (at the assembly mid plane) was used

as representative of the source strength, producing a worst case estimate.

The canistered spent fuel was treated as an isotropic line source. Because of

the varying number and positions of assemblies in the hot cells, the speit
fuel in the cells was treated as an infinite plane source to provide a

conservative estimate. Calculations of the shielding provided by the cell
walls were performed using the buildup factors and density of ordinary
concrete. The calculations for radiation exposure from the repository waste

package emplacement considered radiation streaming through the bentonite
backfill as the limiting factor, and it was assumed that the bentonite was

packed about the shield plug at a density les's than the theoretical maximum

value. The calculated exposure levels were then compared to the occupational

exposure limits contained in '10CFR20. 101(a).

Limitation of exposure to the public from transportation of the

spent fuel is governed by the Department of Transportation (DOT) regulations
for rail or truck shipments of radioactive material (49CFR171-179), and by

Nuclear Regulatory Commission (NRC) requirements for shipment of large
,<ci

quantities of radioactive material (10CFR71). Exposure to the public f'i-om the

disposal operations was based on the release of radioactive material from the

packaging facility as a result of sabotage. Risk to the public due to
accidental intrusion by a drilling crew into a waste package 100 years after
repository closure was determined using a scenario assuming that a typical
wildcat petroleum well drilling operation strikes a canister and brings the
radioactive material to the surface mixed with drilling mud. It is assumed,

for the purposes of this scenario, that all records of the existence of the
repository are lost or ignored, as well as all knowledge of radioactivity. A

constant level of drilling activity is assumed, based upon the number of
wildcat wells drilled in the United States in 1979. The probability of
accidently intruding into the spent fuel canister was calculated for each

alternative as a function of the spent fuel canister cross sectional area and

the number of canisters'he probability was calculated for the partial as

well as maximum possible intrusion into the radioactive material. The concept
of risk was used to determine the worst case intrusion.
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4.2.3.2 Comparison of Alternatives

The radiation exposure to personnel from the Weld and Test or

Special Function Cells, Lag Storage Pool, and transfer cask is acceptable for
the Reference Process, and not significantly different for any of the

alternatives. The possibility of radiation streaming throuqh the bentonite
backfill of the waste package is of greater concern for the Alternative 3 and

4 emplacements because of the greater amount of radioactive material
contained. It is imperative that the bentonite be thoroughly packed about the
shield plug to preclude any gaps or low density segments of material for those
alternatives.

The most significant differences i n radi ation exposure to personnel

between the Reference Process and alternat.ive processes is likely to be among

maintenance personnel. As discussed in Se,-:-.,tion 4.2.2, the alternatives all
require more operations to package the spent fuel than does the Reference
Process . The additional operations require more equipment, some of which is
complex and may be expected to require more mai ntenance. Maintenance wi 1 1

require extensive decontamination of equipment and close monitoring of dose
to maintenance workers. Each alternative requires a sawing opei ation for
removal of the end fittings. Alternative 2 requires a complex laser mechanism

to vent and reseal the fuel pins. Alternatives 3 and 4 require equipment to
pull the fuel pins from an assembly; Alternative 4 additionally requi res a

shearing operati on and subsequen't immobilization of the sheared fuel. Any

maintenance which is not possible by remote means wi 1 1 requi re equipment
decontami nati on and subsequently more exposure to mai ntenance workers than
expected for the Reference Process due to the additional equipment required by

the alternatives.

Exposure to the public due to transportati on of spent fuel i s not
likely to be significant, and is identical for each alternative and the
Reference Process ~ Exposure to the public from the disposal facility during
normal,, operati ons wi 1 1 be a fr acti on of that due to normal background
radiation. In the event of an accident, however, the additional waste stream
of the off-gas processing systems required for Alternatives 2 and 4 represent
an increased potential for public exposure not present in the other
processes.
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Risk to the public in the long term by intrusion into the spent fuel

by a drilling crew 100 years after repository closure has been determined to
be insignificant for each disposal process.

The hazards of accidents due to criticality, fire, and explosion
were also assessed for each alternative relative to the Reference Process.
Criticality is not expected to be a problem for any of the processes. There

has been considerable experience in water pool storage of fue~ assemblies with

no difficulty in maintaining subcri tica'iity. Moderating materials introduced

in the Weld and Test or Special Function Cells will be stringently controlled
and geometrically safe positioning of the assemblies will be maintained. Once

the fuel is placed into the canister, a stabi lizer will be added minimizing

the amount of moderator which can be introduced'he close packing of the

fuel pins of Alternative 3 further precludes the possibility of significant
amounts of moderator entering a cani ster . The potential of fire is somewhat

greater for the alternative processes than for the Reference Process since the
zirconium fines gener ated by the end fitting removal sawing process are

pyrophoric. However, use of wet sawing should keep the additional fire hazard

of the al .ernatives to a minimum. Alternative ~ presents the most

significant risk of fire because of the elaborate heat treatment requii ed

during the immobilization'":process. The most credible potenti al explosi on

would be a result of sabotage. The consequences of an explosion would be most

severe for Alternative 4 because of the higher dispersibility of the she"red

fuel, but it is not likely that the guidelines of 10CFR100 would be exceeded

at the site boundary if such an event did occur.

4.2.3.3 Ranking of Alternatives

The only significant difference from the Reference Process from the

standpoint of risk is that of Alternative 4. The higher dispersibi li ty of the
sheared fuel would cause more severe consequences in the event of a disruptive
event than would occur for the other alternatives; therefore in terms of ri sk

evaluation Alternative 4 is the least attractive process.
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The relative differences among the remaining three alternatives are

minor. Of these, Alternative 2 is least advantageous because of the

complexity of the laser mechanism for the venting and resealing of the fuel

pins and the resulting fission gas waste stream, producing a somewhat greater
risk of conta ni nation in the event of an acci dent and duri ng mai ntenance of

the complex equipment. The equipment necessary to remove and c1o e pack the

fuel pins in Alternative 3 is also more complex, but thi s is partially off set

by the lesser handling of material because of the reduction in number of spent.

fuel and scrap packages (65 percer t). The remote sawing operati on during end

fitting removal is an additional potential hazard for all the alter natives,
but tIie pasi, experience of related operations in the industry indicate that it
entails very low risk. Therefore, from the safety aspect, there is no

significant element of risk in Alternatives 1, 2, or 3 which would override

any advantages in respect to the Reference Process which any of th .se may

possess.

4.2 .4 Economic Comparison

The basi s used for estimati on of packagi ng and di sposa'I costs for
spent fuel was that set forth in the Bechtel CRRD report (1). However, these

costs were modified to provide for the inclusion of a stabilizer between the

spent fuel and the caniscer, to cove~ the added expense of the recommended

spent fuel package desi gn (see 'Section 3.3), to account for the different
capita', and operating costs of the alternative processes r clat'e to those of
the Reference Proc""s, and to adjust for escalation.

The unit cost for packaging and disposal was calculated using the
same basic methodology employed by DOE in developing its estimated charges for
spent fuel storage and disposal ( 20), assuming that the facilities would be

operated at about one-third capaci ty during the initial five years of

operation and at full capacity thereafter.

4.2.4.3 Capital Costs

The capital costs for packaging and repository facilities for the

disposal of spenc fuel by the Reference Process and,.the alternative processes
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are set forth in Table 4-1. The costs which were based on the CRRD were

escalated from the second quarter of 1979 to June 1980 based on changes to
U.S. Department of Commerce Composite Construction Cost Index (factor--
1.1324), The Bechtel estimates associated with underground development of

the repository were modified to cover the additional cost of welding and

radiography equipment and additional liner emplacement quipment necessary to
effect welding on-site, testing and emplacement of the reference package

Inconel liner.
The lower costs shown for the repository facilities of the

alternatives was due to the slightly smaller volume of salt remov.d during the

mining of rooms for the first five years of operation (which were included

in the initial capital costs). The lesser amount of mining for Alternatives I

and 2 is due to the shorter spent fuel packages resulting from removal of the

end fittings. The effect of a shorter spent fuel package for Alternative 3 is
somewhat mi tigated by the slightly larger di ameter requi red, but the greatest
reduction is the result of a lesser amount of emplacement equipment require"
inasmuch as the fuel pins from either 3 PL@ fuel assemblies or 8 BNi fu 1

assemblies cou'" be contained in a single emplacement canister, thus reducing

the emplacement requirements of the spent fuel and the scrap by about

65 percent. The same reduction in emplacement requirements is possible for
Alternative 4 but the larger spent fuel package di ameter requi res more

excavati on than for Alternative 3.

The higher cosi s shown for the waste handling facilities of the

alternatives is due to the i ncrease in equipment and space necessary to effect
the additional operati ons requi red to modify the spent fuel assembly.

P iternative 1 required more equipment ;,nd hot cell space to conduct the end

fitti ng removal operation and associated auxiliary facilities, and thi s

increase was common to the other alternatives as well. Alternative 2 required

hot cell space and equipment in additi on to that required by Alternative I to
effect the venting of the fission gases, resealing of the fuel pins, and

'andlingof the off-gas waste. The additional hot cell space and equipment

require."by Alternative 3 was rei ited to the removal of the fuel pins from the

assembly skeleton and;heir subsequent insertion into the canisters.
Alternative 4 also required the removal of the fuel pins from the assembly

, (r',
/

IJ
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TABLE 4-1
ESTIMATED CAPITAL COSTS OF PACKAGING AND REPOSITORY FACILITIES

FOR THE DISPOSAL OF SPENT FUEL

(S-Mj 11ions, 1980)

General Site Facilities

: Utilities and Site
Distribution Systems

Repository Facilities

h'aste Handling Facility

Dther Buildings

Sub Total

Engineering (15Ã)

Contingency (ZDX}

Total

Ref erence
Process

$ 32.8

89.5

294.9

200.3

43.0

$ 660.5

99.1
132.1

$ 891.7

Alternative
1

$ 32.8

89.5

293.0

218.8

43.0

$ 677.1

101.6
135.4

$ 914.1

Alternative
2

$ 32.8

89.5

293.0

242.9

43.0

$701.2

105.2
140.2

$945.6

Alt rnative
3

$ 32.8

89.5

281.3

240.8

43.0

$687.4

103.1
13?.5

$92 .0

Alternative

$ 32.8

89.5

282.5

368.0

43.0

$ 815.S

122.4
163.2

$1,101.4
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skeleton, plus additional hot cell space and equipment to shear the fuel,
immobilize the sheared fuel in glass, and package the gaseous and solid
process wastes.

4.2.4.2 Operating Costs

The operating costs estimated by Bechte'. for the CRRD included the
cost of canisters as well as depreciation. Moreover, the Bechtel estimates
were based on what appeared to be an average for each of three periods of
operation of the faci lities. In each period an increasing amount of fuel was

scheduled to be emplaced in accordance with a specific scenario of fuel

availability. Howeve., for the purposes of this study, it was assumed that
only two scenarios of disposal operations would be involved--during the first
5 years of oP'erati on spent fuel would be packaged and emplaced at a i ate of
1500 MTU/year and thereafter packaging and emplaceme»t would proceed at a rate
of about 4500 MTU/year., Accordingly, the operating costs for these two

scenarios of operation were determined as follows:

(1) Each element of operating costs was determined by
interpolating (for the 1500 MTU/year rate), or,',.
extrapolating (for the 4500 MTU/year rate), the
individual costs in the CRRD for the various average
capacities,,:of operation described therein. (The
costs of canisters, liners, and depreciation was
excluded from the operating costs and were handled
sep ar ately) ~

(2) The opeiating costs obtained from (1)~ above were
esca'lated-to June 1980, from the second quarter of ':.-
1979 based on changes to the Wholesale Price Index--
Industrial Coranodities for Material s (factor--
1.181), the Average Hourly Earnings of Workers on
Miring Payrolls for Labor and Supervision (factor--
1.UC4), and the Wholesale Price Index--Fuel s for
Uti 1 i ti es (factor--I. 527) as appropriate.

(3) The estimated cost of 1 abor and super vi si on
associated with the welding of Inconel liners and
the added effort of emplacement thereof was added to
the labor and supervision cost obtained in (2),
above.
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Summaries of the annual operating costs thus obtained for the initial 5-year

operation period and for the period of full operation are set forth in Tables

4-2 and 4-3, respectively.

Although there 'as a slight increase in the operating costs
associated with the process and packaqing operation of Alternative 1 over

those of the Reference Process due to the addi tional processing steps

involved, these were more than offset by lower costs in the repository opera-

tion due to a lesser quantity of salt that had to be mined (about a 6~

reduction in emplacement room volume). Alternative 2 benefited from the same

lower cost associated with repository oper ation since the same lesser

quantity of salt nad to be mined, but the higher costs of operations

associated ivith end fitting removal, fuel pin venting and resealing, and waste

gas handling operations combined to producL higner operating cost than for
the R eference Process. Alternative 3 also requireo a relative increase in

operating costs associ ated wi th the disassembly operati on compared to the

Reference Process, but these'ere more than offset by lower costs in the

repository operation due to tne lesser quantity of salt that had to be mined

and the need to effect fewer emplacements (only about 35 percent of thyrse

reqiired by the Reference Process). Alternative 4 benefited from the same

decrease in the number of empl acements required and in a simi1 ar lesser

quantity of salt that had to be mined, but these savings were more than offset
by the increased. cost of operation associated with the disassembly, shearing,

and immobilization process.

4.2.4.3 Package Costs

The costs of materials required for packaging were estimated base~

on the assumption that all fabrication of the canisters, liners, cages, and

plugs would be performed by outside suppliers. Of course, the welding of the

cap on the canister after the spent fuel had been inserted therein would have

to be accompli shed at the packaging and repository facility, .as would

inclusion of the stabilizer, the assembly of the liner (from two pieces), the

liner emplacement and the final weld sealing of the liner. The costs for
these activities have been included in the capital and operating costs as

described in Sections 4.2.4.1 and 4.2.4.2.
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TABLE 4-2

ESTIMATED ANNUAL OPERATIfi'OSTS FOR PACKAGING AND REPOSITORY

FACILITIES FOR THE INITIAL 5-YEAR OPERATION PERIOD

($ Hi11ions, 1980)

Labor and Supervision

Supp li es

Maintenance Hater 1 el s

Equipment Replacement

Utilities

Administration f Overhead

Sub Total

Contingency (15K)

Total

Refer ence
Process

S 28.3

2.2

9.7

5.9

9.8

10.4

66.3

9.9
$ 76.2

Alternative
1

$ 27.9

2.2

9,8

5.8

10.1

10.2

$ 66.0

9.9
$ 75.9

Alternative
2

$ 28.1
~1 3

10.0

10.4

10.3

$ 6G.9

10.d

$ 76.9

Alternative
3

$ 24.8

2.3

9.9

5.7

10.3

10.1

$ 63.1

9.5
. $ 72,6

Alternative
4

$ 26.1

2.6

10.5

5.7

13.3

10.4

$ 6B.G

10.3
S 78.9

TABLE 4-3

ESTIMATED ANNUAL OPERATING COSTS FOR PACKAGING Af(D REPOSITORY

FACILITIE'OR TliE PERIOD OF FULL OPERATION

( S Mi 1 11ons, 1980)

Labor and Supervision

Supplies

iiaintenance Hater lais

Equipment Replacement

Utilities

Administrai.irn t Overhead

Reference
Process

$ 29.9

9.?

5.9

14 .7

12.3

Alternative
1

$ 29.4

9.8

5.8

15.1

12.1

Alternative
2

$ 29.7

4,9

10.0

5,8

15.6

12.2

Alternative
3

$ 26.2

4.7

9.9

5,7

15.4

11.7

Alternative

$ 27.6

5.4

10.5

5.7

18.4

12.3

Contingency (15K}

Total

11.6
$ 88.7

Sub Total $ 77.1 76.8

11.5
$ 88.3

$ 78.2

11.7
$ 89.9

$ 73.6

11.0
$ 84.6

$ 79.9

1?.0
$ 91.9

92



The estimated costs of packaging for both unmodified P'r8 and Bh".i

assemblies for the Reference Process and each alternative are summarized in

Tables 4-4 and 4-5 (Sec Appendix B for details of the development of

canister and liner costs).

TABLE 4-4

ESTIMATED COSTS OF PACKAGING COtlP".NENTS fOR PNR SPENT FllE

($/Package. 1980)

:— Component

Canister

Cage

Liner

Plug

Total

Reference
Process

$14,830

800

59,220

770

$75,620

Alternatives
1L?

$14,240

790

57,660

770

$73,460

Alternative
3

$14,400

890

58,760
790

$74,840

Alternative

$16,600

2,400

72,410
920

$92,330

TABLE 4-5

ESTIMATED COSTS OF PACKAGING COMPONENTS FOR BlR SPENT FUEL

($/Package, 1980)

Component

Canister

Cage

l.incr

Plug

Total

Ref erence
Process

$
16,250-',110

-"'2,860

770

$80,990

Alternatives
1'

$14,970

1,080

59,610
770

$76,430

Alternative
3

$15,140
900

60,840

790

$77,670

Al terna t i ve

$18,390
2,610

77,610
920

$99,530

The total package costs (for both PhR and BWR fuel) of Alternatives
1 and 2 are lower then those of the Reference Process because a shoi ter
package is required for the fuel with the end fittings removed than for the
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un»odified fuel. The Alternative 3 packages share a similar advantage in

length, but <. slightly larger (1.3 cm addi ti onal ) canister diameter i s

required to contain the fuel from 3 PMR or 8 BWR assemblies which offsets some

of the gain achieved by the shorter length. The Alternative 4 parkages cost
more than those of the Reference Process as a result of the use of two

canisters —an inner canister which serves as the im~obilization process

vessel in addition to the standard titanium canister, and the larger diameter

(14 cm additional) canister, required, which also caused the overall size of

the emplacement package to be 1ar ger.

Direct comparison..---of the costs of the alternative packaging

components with the Reference Process can be misleading because of the

different capaci t,i es for spent fuel of the Alternative 3 and 4 cani sters .
Since those alternatives'ackages can contai n the fuel from 3 PI@ assemblies

or 8 BIB assemblies compared to 1 VWR assembly or 2 BIAi. assembl ies for the

oackages of the Reference Process or Alternatives 1 and 2, comparatively fewer

spent fuel packages (70 percent less) are required, The resulting savings in

oackage costs for Alternatives 3 and 4 produce a distinct economic advantage

relative to the Reference Process, Alternative 1, or Alternative 2. The

package cost per fuel assembly provides for a clear economic comparison of the

alternatives with the Reference process and are shown in Table 4-6.

TABLE 4-6

PACKAGE COST/ASSEMBI Y FOR PIB AND B'le SPENT FUEL

($ /Assembly, 1980)

Reactor
Type

PNR

BNR

Reference
Process

$75,620

40,500

Alternatives
182

$73,460

38,220

Alternative

3'24,950

9,710

Alternative
4

$30,780

12,440
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4.2.4.4 Ranking of Alternatives (Unit Cost)

For the purpose of determining the unit cost (S/kgU) for packaging

and disposal of spent fuel for the Reference Process and each alternative, the

following assumptions wo re used:

(1) The packaging and repository facility would commence
operation at the beginning of 199?.

(2) The construction of the facilities would be
conducted during the period 1990 to 1996 inclusive;
expenditures of total construction funds would be
made as follows:

1990
190(
1992
1993
1994
1995
199G

5/
10K
20Ã
20K
25/

151'3)

Spent fuel would be rereived,,packaged, and emplaced
at a rate of 1512 fiTU/year during the first 5 years
of operation and thereaf ter at a rate of 4535
MTU/year until the capacity of ihe repository was
reached.

(4) The annual package costs tabulated for the
alternative processes assume that the end fi ttings
removed from the spent fuel would be packaged in the
same type and size of canister used for the spent
fuel, but would not be emplaced in a liner assembly.
It was estimated that there would be a total of 250
canisters each of end fittings from PliR and BWR fuel
for disposal in each full operating year and 83
cani sters of each of the two end fi tti ng types in
each year of the initial five yea; operational
period, It was assumed that the only package cost
associ.ated with the end fittings wo.old be that of
the canisters required to contain them. Alternative
3 requires an additional 96 canisters of compacted
PWR skeletons and !" canisters of compacted BWR

spacers for dispos, l i i each full operating year,
while Alternative ~ requi res an additional 54
canisters of compacted PWR skeletons and 12
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canisters of compacted BNR spacers. One-third of
these amounts are required in each year of the
initia'I five-year period.

The costs i ncurred each year were then discounted to 1980 using a

7 .5X discount rate, which was that used by DOE in developing its latest
estimate of charges for spent fuel storage and disposal. The unit cost was

obtained by dividing the discounted costs by the discounted quanti ties of

spent fuel received at the pacI'aging and repo"..i Lory facility; this i s the same

as equating discounted costs to discounted revenues inasmuch as di scounted

revenues can be obtai ned hy the product of discounted quantities and a fixed

unit cost. Table 4-7 sets forth a schedule of di scounted quanti ti es of spenI.

fuel and Tables 4-8, 4-9, 4-10, 4-11, and 4-12 set forth a schedule of the

total costs for packaging and disposal nf spent fuel and the unit cost
calculation derived therefrom.
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TASLE 4-7

DISCOUNTED AMOUNTS OF SPENT FUEL RECEIVED FOR

PACKAGING AND DISPOSAL

(IATU)

Year
Actual Amounts

Received
Amounts Discounted

9 7 .5l'o 1980

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008
. 2009

It

2010

2011

2012

2013

2011

?015

2016

203 7

1512

1512

1512

1512

1512

4535

4535

4535

4535

4535

45~5,

4535

4535

4535

5

4535

4535

4535

4535

4535

1995

'7,580

442

411

383

3r) 6

331

924

859

799

692

692

644

599

55/

518

482

448

417

388

361

336

137

10,828
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TABLE 4-8

TOTAL AND Uf/IT COSTS FOR PACKAGING Rf'JD DISPOSAL OF

UNffODIFIED SPENT FUEL (REFERFrfCE PROCESS+

($-Millions, 1980)

Year

1990
1991
1992
1993
1994
1995
1996
1997
1998

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017

Capital
Co>ts

$ 45
89

178
178
223
134

45

Operating
Costs

75
75
75
75
75
89
89
89
89
89
89
89
89
89
89
89
89
89
89
89
39

Package
Costs

$ "279
279
279
279
279

. 837
837
837
837
837
837
837
837
837
837
837
837
837
837
837
368

Total
Cost

45
89

178
17,8
gg3
134

45
354
354
354
354
354
926
926
926
926
926
926
926
926
926
926
926
926
926
926
9?6
407

Total Cost Discountecl
fa 7,5'n 1980

22
40
75
70
81
n5
14

104
97
90
84
78

189
175.
163
152
141
131
122
114
106
98
92
85
79
74
69
28

$ 892 $1,754 $14,318 $16,964 $2,618

$2610-mi l 1 i on
10828 MTU

= $242/kgU
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TABLE 4-9

TOTAL AND 'UNIT COSTS FOR PACKAGING AND DISPOSAL OF

SPENT FUEL WITH END FITTINGS REMOVED (ALTERNATIVE~1

($-Millions, 1900 )

Capital Operating Package
Year Costs Costs Costs

Total
Cns t.

Tot'al Cost Discounted
8 7.5;< to 1900

1990 $ 46
1991 91
1992 183
1993 103
1994 ZZR

1995 137
1996 46
1997 $
1990 ?6
1999 76
2000 76
2001 76
2002 00

"

2003 08
2004 08
2005 00
2006 00
2007 80
2000 80
2009 00
2010 80
2011 00
2012 88
2013 80
2014 00
2015 80
2016 00
2017 39

$ 270
270
270
270
270
010
010
010
010
010
810
810
010
810
810

. 810
810
010
010
810
356

91
183
103
228
137
46

346
346
346
346
346
090
890
890
890
090
890
090
890
090
090
890

=090
090
090
090
395

2Z"
41
77
71
8$
4C
14

101
94
00
01
76

183
170
150
147
137
127
li9
110
103
95
89
83
77
71
66
27

$ 914, $1,739 $13,056 $16,509 $2,556

Ci

$2556-million
T0820 MTU

= $236/kqU
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TABLE 4-10

TOTAL AND "NIT COSTS FOR PACKAGING AND DISPOSAL OF

SPENT FUEL WITH FISSION GAS VENTED 8 PINS RESEALfD (ALTERNATIVE 2)

($-Millions, 1980)

'ear
Capital

Costs
,Operating Package

Costs Costs
Total
Cost

Total Cost Disc'ounted
8 7,5% to 1980

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003,
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017

47
95

189
189

/) 238
142

47
$ 77

77
77
77
77
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
40

270
'70

270
270
270
810
810
810
810
810
810
810
810
R10
810
810
810
8'.0
810 "

810
356

95
189
189
238
142

47
34?
347
347
347
347
900
900
900
900
90.0
900
900
900
900
900
900
900
900
900
900
396

23
43
Ig

?4
86
48
15

101
g4
n8

82
76 i!

183
171
159
148
137
128
119
111
103
96
89
83
77
72
67
27

$1,775 $13,856 $16,578 $2,5?9

$2579-mi 1 1 i on
10828 MTU

= $238(kqU

i/
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TABLE 4 ',1

TOTAL AND UNIT COSTS FOR PACKAGING AND DISPOSAl OF

DISASSEMBLED SPENT FUEL (ALTERNATIVE 3)

($-Millions, 1980)

Year

1990
1991
1992
1993
1994

.,1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006

i'007

2008
2009
2010
2011
2n12
2013
2014
2015
2016
2017

Capital
Costs

46
93

186
186
232
139

46

Operating
Costs

73
73
73
73
73
85
85
85
85
85
85
85
85
85
85
85
85
85
85
85
37

Package
Costs

84
84
84
84
84

253
253
253
253
253
253
253
253
253
253
253
253
253
Qg 3
253
111

Total
Cost;

46
93

186
186'.(
232
139

46
157
157
157
157
157
338
338
338

'38

338
,338

'338

338
338
338
338
338
338
148

Total Cost Disco~r~ ~t

P 7.5')'o ]980

5 22
42
78
73
d4
47
]4
44'3

37
I f

60
64
60
c5
52
48

42
39
36
33
31
29
27
25
10

Total $ 928 $1677 $4326 $6931 $ 1225

$1225-Mi 1 1 i on
M0828 MTU

$ 113/kgU
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TABLE 4-12
TOTAL AND UNIT COSTS FOR PACKAGING AND DISPOSAL OF

IMMOBILIZED SPENT FUEL (ALTERNATIVE 4)

($-Millions, 1980)

Year
Capital Operating

Costs CosLs
Package

Costs
Total
Cost

Total Cost Discounted
i> 7.5/ To 1980

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2,010
2011
2012
2013
2014
2015
2016
2017

$ 55
110
220
220
276
165

55
$ 79

79
79
79
79
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
40

$ 105
105
105
105
105
314
314
314
314
314
314
314
314
314
314
314
314
314
314
314
138

$ 55
110
220
220
276
165

55
184
184
184
184
184
406
406
406
406
406
406
406
406
406
406
406
406
406
406
406
178

$ 27
50
92
86

100
56
17
54
50
47
43
40
83
77
72
67
62
58
54
50
46
43
40
37
35
32
30
12

Total $1101 $1815 $5373 $8289 $1460

$1460-Million
10828 MTU

$135/kqU
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The unit cost for the packaging and disposal of spent fuel are

summarized in Table 4-13.

TABLE 4-13

UNIT COSTS FOP, THE PACVAGING AflD DISPOSAL OF SPENT FUEL

Process

Reference

Alternative 1

Alternative 2

Alternative 3

Alternative 4

Unit Cost (S/kgU,1980)

242

236

238

113

135

It should be pointed out that these costs are not directly
comparable to the unit cost developed by DOE in DOE/SR-0006, since the latter
document also included the cost of research and development, government

overhead, decommissioning, and the operation of a repository system over a

finite time period ( 1997-2010) in which the packaging and repository

facilities were not used over their full lifetime nor was the capaci ty of any

of the repository f aci lities reached, Rather the cost calculations contained

in this analysis were based on the operation of a single packaging and

repository facility over its lifetime, operating at about one-third of its
capacity during the first five years of operation and thereafter at its full
design capacity until the total disposal capacity of the reposi to y was

reached. It was believed that the unit costs obtai ned by thi s methodology

would provide a better means of comparing the costs involved in the various

disassembly alternatives. It should be emphasized that the dominant economic

advantage shown for Alternatives 3 and 4 are results of the need for a lesser
number of expensive packages; it should, however, be noted that the economic

advantage of these alternatives ~s retained even at substantially lower

package costs as is shown in Figure 4-12, which compares the unit cost of the

Reference Process and Alternative 3 as a function of the relative package

costs.
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4 ' CONCLUSIONS

A systems analysis approach was used to develop a basis of

comparison of the alternatives. Assessments were made of the technical,

operational, safety/risk, and economic considerations related to each of the

alternatives, including both the su. face packaging and underground repository

operations.

The objective of the assessments was to provide an evaluation of the

four alternative methods in reference to the disposal of unmodified spent fuel

(Reference Process).

Sixteen principal attributes were ident ifi ed among the factors

assessed for each process, and each was assigned a weight representing its
significance in the overall evaluation. i!ith the exception of the economics

assessment, which was expressed in terms of, comparative unit costs in

dollars/kilogram of fuel, each of these principal attributes v as divided into

two or more sub-attributes, to which the assigned weight was distributed.

A quantitative basis of comparison was then developed by assigning

to each sub-attr'ibute a number expressing its meri t relative to that of the

Reference Process. Summing the products of the individual figures of merit

. and the weight assigned to the sub-attribute pe, mitted a ranking of each of

the processes in each of the four assessment areas, The resulting rankings

are given in Table 4-14.

TABLE 4-14

RELATIVE RANKINGS OF ALTERNATIVE PROCESS'S AS DETERMINED

BY F I CUR E-OF -51ER I T EVAL UAT I ONS

Assessment Area
Ref erence

Process
Alternative Processes
1 2 3

Technical
Operating
Saf ety/R i sk
Economics

2 3
3 4
1 3
3 3

3 4
1 5
2 4
1 2

Over al l 3 5 1 2
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It will be apparent that the operating and economic assessments
dominate the overall ranking of the alternatives. This is largely a result of
the fact that the package design employed is a very costly item, and

Alternatives 3 and 4 required only 30 percent of the number of spent fuel
packages required for the Reference Process and Alter;iatives 1 and 2. Thus,
not only are the overall packaging costs substantially lower for these
processes, bu+ the level of operational activity required to handle and

emplace the waste packages is greatly reduced. It should be noted also that
the overall cost advantage of Alternative 3 would be retained - lthough the
magnitude of the difference would be less - even if a much less costly package
were used, as is clear ly shown by Figure 4-12.

The weight.ing factors were developed through extensive consulta+io»
with the JAI staff. These factors are described in detail in Appendix C and a

sensitivity to the ranking by weighting is presented.

As a result of the assessments and comparative evaluations made

during the course of this study, it is concluded that the prefers ed method of
disposal of spent fuel is that of Alternative 3 - fuel bundle disassembly and

close packing of fuel pins. Although Alternative 4 is ranked second in the
overall rating, it is unattractive because of the increased complexity and

major uncertainties in the operational feasibility of several of the
processes'nvolved. The overall advantage of Alter native 3 would be further
improved if the package-to-package spacing in the repository could be reduced

by increasing the allowable thermal loading.
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5.0 WASTE FORM PERFORMANCE IN REPOSITORY

An important consideration in the comparative assessment of the

different disposal alternatives is the long term performance of the waste form

in the repository. Of concern in th'is connection are factors which affect the

degradation of the canister, 'th'e fuel cladding, or the fuel itself, and

factors which affect the rate of transport of radionuc'! ides from the package

after breach of both the canister and the cladding. The waste forms cannot be

assessed a'one, but must be considered as waste forms/stabiiizer/canister
combinati ons.

The evaluation of waste form performance was performed by HEDL (I).
Thirteen combinations of fue1 form, stabilizer type, and fuel pin plenum

condition were examined, Stabilizer types considered we~ e gas, particulate,
and solid, and the fuel forms corresponded to the Reference Process and th"
four Alternative Processes I through 4 previously identified. Table 5-1

identifies the relationships among the fuel forms and the "assessment waste

forms". In conducting the eval uat i ons, a number of poss ib 1 e functional

requirements were assessed. These included:

I) Stabilizer Support Against Lithostatic Pressure

2) Long-Term Stability for Radionuclide Retention

3) Minimization of Cladding Degradation

4) Prevention of Canister/Reposi to~ y Breach Due to Pressurization

5) Stabilizer Heat Transfer

6) The Stabilizer as an Independent Barrier to Radionuclide
Migration

7) Prevention of Criticality

HEDL's overall ranking of the five waste forms in the various

configurations is presented in Table 5-2 for the temperature regime

considered most likely to prevai 1 in the repository, Conclusions of the HEDL

study were not avai lable to JAI until after the process study (which was based

on the use of sand as a particulate stabilizer) had been completed. Thus,

although the HEDL study resulted in recomnendations of other than a

particulate-stabilized waste form as the preferred configuration for
disposal, the following conclusions are pertinent to consideration of the
sand-stabilized system which formed the b'asis of 'he process evaluations:
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TABLE 5-1

REI ATIONSHIP BETMEEN DOE MASTE FOPMS AND THE

ASSESSMENT MASTE FORMS

(from Reference 1j
Assessment Maste Forms

Stabilizer
Plenum
State

Config-
uration Form

DOE Maste Forms

CD

O
I lg

N 5 I
C rtS 0
co o cn

CD

CD C

CDc
CD C)

CD

ID
Cl CL
I

CD
U cn0

o
CD
CL

CCi CL
O

Unal tered Assembly (,1. X

2-
End Bells Removed From Assembly

I 3.

X

X

X

X

X

X

X

X

X

Rods Vented to Remove Gas and
Resealed

i4. X X

X

X

X

X

X

X

X

X

Close-Packed Fuel Rods X

I g.
10. X

11.
12.

X

X

X

X

X

X X
X.- X

X X

X X

X X

X X

Rods Chopped and Immobilized
in Matrix Material

13.



TABLE 5-2

MASTE FORM RANKING BY CONCERN -(425 C

(frotn Reference I)

DOE Waste Forms

Stabilizer

Ju
«J

r
5

/15 4 0
CO 55 «/5

Assessment Waste Forms

P 1 enum
State

Config-
uration

IJJ

\J40
0

CO I/I
I 0
C I

0
««J

0 C
IJJ

IIJ C

0
IJJ

«J O.4 CLu 0

IJJ

Cl
5

C 55.

4 /J
OI

Vl0 00.A0 u
P

I/l u

5
15Ju
I/I '/

5c >
I/I
I/I
IJJ

I/- 5-0 «5

~ 0
0 CJ

0

5
IJJ
4

5
5—

0

C0 0

C7l

4

OI 0
C u
E 4
C
I 0

155

C}4 ~u 0
«/I

E0C5..~ 0
I«J M

5—4 u
C

Ol ««J
C 5-u000u I/ gg'

Cl

5
5-

u 0
C
(J'D 4 ~

C 5 4
IJJ CII «J

Ill ~
C 0 5(J

Unaltered Assembly 1. X

2. X

End Sells Removed From Assembly 3.

Rods Vented to Remove Gas and 4. X

Reseal 5. X

6.

X

X

X X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

4 1
2 1
1 1

4 1
2 1
1 1

2
'2
1

1 1 2
1 — 1 1
1 1 1

1 1 2
1 1 1
1 1 1

Close Packed Fuel Rods

(10. I X

X

X X

'. X

IS. X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

2
2 2
1 2
2 1
2 1

1 1

4

2
4
4

2

1 1 1
1 1

1 1 1
1 1 1
1 1 1
1 1 1

Rods Chopped and Immobilized
in Hatr i x Hateri al

13. X X X 1 2 3 4 2 2 1'



"The stabilizer plays a minor role as an independent barrier unless
its corrosion resistance is nearly the same or better than
7.ircaloy.

"As long as the c ladding stays intact during the thermal period, all
waste forms perform equally well in limiting radionuclide
migration, If the cladding is compromised during the thermal
period, fuel-stabilizer-canister interactions may occur which
degrade the fuel significantly. This interaction must be studied
if temperatures are set above 425 C since cladding integrity may be
compromised.

"Waste forms with particulate stabilizers may have trouble helping
the canistei resist lithostatic pressure." ( 1)

Based on these and other conclusions presented. The authors note

"There is not enough available information to make a definitive
division between acceptable and non-acceptable waste forms.

"The best waste form/stabilizer combination is the intact assembly,
with or without end bells, vented or unvented, with solid
stab i 1 i zer.

"A suitable alternative is the combination of bundled close-packed
rods with a solid stabilizer around the outside of the bundle.

"The other pn.sible waste forms are of lower ranking with the.wor;t
waste form/stabilizer comb ination being the intact assembly with a
gas stabilizer or the chopped fuel." (I)
Although sand was selected as the particulate stabilizer in the JAI

process study, it is recognized that several candidate materials would have to
be evaluated prior to final selection, if a particulate stabilizer is to be

used. It is also recognized, as pointed out in Section 3.3.3.2, that a metal

alloy of low-to-moderate melting point could be substituted for sand without

materially affecting the evaluations presented. The following summary of the

waste form in-repository performance study is based on Reference (I) but

attention is focused on that material relating to particulate stabilizers and
(!

the performance of waste forms incorporating them. Table 5-3 summarizes the

waste form/stabilizer/canister combinations which have been studied in the

process evaluation.
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'TABLE 5-3
WASTE FORM/STAB IL I ZER/CANISTER COMB I NATIONS

Waste Form Stabi li.er Canister

Reference Process
Alternative I
Alternative 2
Alternative 3
Alternative 4

Intact Fuel Assemblies
End Fittings Removed
Vented Fuel Pins
Close Packed Pins
Sheared/Immobilized Fuel

Sand
Sand
Sand
Sand
Glass and

Sand

Titanium Alloy
Titanium Alloy
Titanium Alloy
Titanium Alloy

"

Stainless Steel
and Titanium
Al 1 oys

There are three questions which are addressed

underlying the assessment presented in this section. These

in the analyses

are:

1. can the waste form/stabilizer and canister "interact" to cause
premature waste package breach or waste form degradation, and
its corollary

2. can the stabilizer act to aid the cani ster in the resi sting
influences which might result in premature degradation, and

3. what is the relative ability of each of the proposed waste
forms to resist radionuclide migration after water intrudes
into a breached waste package,

5.1 STAB I'. I ZER FUNCTION

As has been noted in Section 3, the primary function of a

stabilizer, when used in conjunction with intact or partially disassembled
fuel bundles, is to support the canister against lithostatic pressure. A

secondary mechanical function is to provide some measure of support to thc
fuel pins against stresses sustained in handling the loaded canisters and in

any seismic events after emplacement. A third function, of significantly less
importance than the first two, is to modify the heat transfer environ".rent in
the canister. An additional benefit of hav ing a stabilizer is the prevention
of redi stribution of fissionable nucli des i nto a critical mass ai a point in
time when the structural integrity of both the cladding and the fuel material
is gone,
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The stabilizer employed in Alternative 4 - a glass matrix to

encapsulate the sheared fuel - serves an additional special function; it
prrvides a means of sequestering the fuel fines which are released from the

cladding when the fue( pins are sheared. In terms of its ability to fulfill
requirements of the first function, either a solid stabilizer, such as is used

in Alternative 4, or the particulate stabilizer employed in the Reference

Process and the first three alternatives are acceptable, although it is
obvious that more support would be provided by a solid, rigid stabilizer wh~ich

completely filled <11 space in the canister not occupied by fuel and hardware.

The presence of voids in the particulate stabilizer, and the propensity of the

par ticulate to decrease in bulk volume when subjected to pressure, ra~ .. some

questions as to the extent of support the particulate stabilizer wou1d

provide. This aspect is considered in the evaluation presented herein. In

the absence of a detailed description of the force vectors acting in an

asymmetric lithostatic pressure field (i.e., non-hydraulic), the analysis

presented herein assumes resultant forces acting equally but in opposite

directions along a diameter of'he canister, and evaluates the extent to which

the canister/stabilizer would react to such forces.

5.2 TECHNICAL ASSESSMENT OF WASTE FORM/STABILIZER COMBINATIONS

There are two time per iods of concern. The first is prior 'to

canister breach or a period of approximately 1,000 yeai s* (during the early

part of which fission products are the primary hazard concern) and the second

is after canister breach. For the first 1,000 years, concern is wi.,th any

interactions which could possibly compromise the waste package integrity, and

any degradation of the fuel form which would eventually lead to an increased

radioactivity release after waste canister breach. After the canister is
compromised, the prime areas of concern are the prevention of radionuclide

transport and an assurance that a critical mass will not be formed,

*Note that the analyses presented herein-take ~go credit for the protection
provided by the package liner either ',n "respect. to corrosive attack by

'ormationfluids or in respect to resistance to 1ithostatic pressure. They
assume breach of the canister 1,000 years after emplacement; they also assume
direct applica'tion of the lithostatic pressure forces to the canister.
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5.2.1 Assessment of Unbreached Package

5.2.1.1 Support for Canister Against Lithostatic Pressure

While in the repository, the canister will have to resist tho

lithostati c pressure in order to prevent rupture or even gross deformation oi

the retrievable package. The canister wall thickness of 0.64 cm titanium was

chosen to provide corrosi on allowance and handling stability 'ut it i s

insufficient to resist deformation under lithostatic pressure which may be as

high as 4,400 psi . Two situations exi st in respect to the Reference Process

and Alternatives 1-3; in all but Alternative 3, the particu'I ge stabilizer.

must resist thi s pressure unaided, while in Alternative 3, the possibility
exi sts that the compacted pi ns themselves would carry part of the load .

Two effects might occur when li thostatic pressure is transmitted to

the compact particulate:
I) Rearrangement of the particulate to a higher packing

density.

2) Fracturing of the particulate followed by rearrangement to a

higher packing density.

Due to pin bow, the interpin spacing in a close packed waste form is
not uniform. One cannot custom size a particulate which would just fit into

the interpin gaps and act as a framework which holds the pins in place.
Therefore, the best particulate stabilizer would have to have a particulate
si ze di stributi on which minimized stabilizer compaction unde:. li thostat i c

pressure.

In practice for a single particle size, 60K dense packing is the

maximum achievable density without pressure compaction (2,3). Theoretically)i

close packing should achieve 76X density. If one uses a bi nary particulate
distribution sequentially packed. with a 10 to I coarse-to-fine particle size
ratio, 70K of the material being coarse, an 84'8 packing density can be

achieved (2,3), Initially, the coarse fraction fills 60K of the void volume

and the fine fraction fills 60K of the remaining 409'oid or a 24K fi 1 1 of the

fine fraction in the void volume.
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Due to the lack of complete close packing, particulates in the

stabilizer can move under lithostatic pressure until a close-packed density

is achieved. If the total void volume available to particulate was V , thenol

this total volume would originally be filled with 60K coarse material and 24K

fine material. Upon compaction, the coarse material will fill 76/ of the now

void volume V'nd the fine particles will fill 76%%d of the remaining void for

a fill of 18K of the new void, V'. The pack',ng density is then 94%%d of the

available void for a decrease of 10K in the void volume over the original

stabil i zer/pin mixture.

If all of this volume reduction were due to compression of the

cani ster in one directi on, an el 1 i pt ical cylinder i s formed. Since

lithostatic deformation occurs in the tr ansverse cross-section of the

canister, the three dimensional problem can be reduced to two dimensions in

the cross-sectional plane of the canister. The initial area occupied by fuel

and stabilizer is:

init fuel stab

The final area occupied by fuel and stabilizer is:

final fuel stab

,. where f is the reduced percentage of the stabi li zer area due to compaction.

Af .
1

would be the area of the deformed elliptical cani ster which has semi-
final

major and semi-minor axes a and b so that:

Af uel stab Af i nal

The initially circular canister had a circumference

A + A

2 <~ fuel stab~1/2
jr
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which must be conserved during the defo~ mation process so that

a + b fuel stab
+ A

2

a and b are given by the two roots of the solution of the system of equations

[3j and [4j .

fuel stab —$ fuel stab fuel stab J

since the deformation forces are perpendicular to the axis of the canister,
the area in the plane of deformation will only be reduced to 0.946I of its
original value or f = 0.946 (i.e., 0.92 raised to the 2/3 power). With this
value of f, the axes of the ellipse can be calculated from

1j2
Afu 1

A t b
/ o.lo8 Afu lA t b

0.105 A

a,b =
1r

Results are shown in Table 5-4. The eccentricity ( e ) of the resulting
deformed canister is given by:

b i(2

The values for eccentricity for the canisters of the Reference Process,
Alternatives 1, 2, and 3 are also shown in Table 5-4. These are the maximum

eccentrici.ties which could occur from unfracturing compaction if the

lithostatic pressure is great enough to cause unidirectional deformation of
the canister.
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TABLE 5-4

EFFECT OF TOTAL COt1PACTION OF STABILIZER*

Ref erence
Process

Alternatives I 82 Alternative 3

Cani ster I.D. (in. )

No. of Assemblies PWR

BWR

Total Internal Canister Cross

Total Pin Cross Section, in.

13.5
1

2

Section in. 132

PWR 264 pins/assy 29
BWR 64 pins/assy** 23.5

12,5

3

8

123

87
93.8

14

153 9

94.8
101.6

Cross Sectional Area for Stabilizer, in.
PWR 114

119.5
36

29.2
59.1
52.3

Eccentricity:
BWR

PWR

BWR

Def ormed E 1 1 i p s e:
Najor semi axis a/mi nor semi axis b

PWR 7.66/5.GB

7.68/5.66
0.67
0.68

6.79/5.68 7,67/6.25
6.74/5..74 7 .64/G.30

0.55 0.58
0.52 0.57

* Adapted from Table Bl in Reference (1). Several changes to the original
entries have been made in order to conform the parameters to those for the
reference PWR and BWP, fuel assemblies and the corresponding canisters, ard
to correct several er rors in the original,

** Includes two water rods

+ Includes the cross sectional area of the inner guide cage.

The two columns under Alternative 3 in Table 5-4 represent two

different size canisters. The first canister (12.5 in. ID) assumes the pins

are banded together and inserted with no internal guide cage. The second

canister (14 in. ID) assumes an inner steel cage of the type shown in

Figure 4-6 which requires a larger diameter canister for the same capacity of

spent fuel pins.
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In addition, fracturing of the particulate could occur which would

.change both the particulate size and shape distribution and hence the packing

density. The propensity for this to happen is dependent on the compacting

pressure and the compressive strength of the particulate material. Typical

compressive strengths for particulates under consideration are given in

Table 5-5. If the compressive strength of the particulate is below the

lithostatic pressure, which could be the case for graphite and granite for

instance, then crushing of the particulate would occur. Even if the

compressive strength is above the lithostatic pressures, there could be

considerable fracturing of the particulate. This has been demonstrated for

quartz where compacting pressures of 2,2 x 10 psi (I/3 of the compressive3

strength) resulted in a signif icant change in the parti cul ate size

distribution (4).

Unfortunately, the relative ratio of compaction to fracturing in

any given situation is unknown . Compaction studies, although conducted as low

as 7000 psi, are usually conducted on loosely packed powder, i.e., 70! void

fraction (5). On the other hand, fracture studies are usually done at

22,000 psi which is much h'.gher than lithosi.atic pressures (3,5).

An accurate assessment of a particulate as a stabilizer which

resists lithostatic pressure on the cani ster is difficult to make. First,
while there is the possibility. of compacti on, it is not known if the

lithostatic pressure is high enough to cause this compaction . Curves of final

density versus density of the particulate at lithostatic pressures are

necessary to answer this question. Second, while uniform compaction has been

assumed in this analysis, a density gradient is estab lished in pressed

powders (4). Third, it is not known whether the canister can withstand the

eccentricity at maximum compression. Furthermore, recognizing that no

criteria for permissible eccentrici ty have been established, ratings based on

the usefulness of resistence to lithostatic pressure can only be judged if the

critical eccentricity of the canister is established (I).
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TABLE 5-5

COMPRESSIVE STRENGTHS OF PARTICULATES

Material

Alumina

Basalt

Silica (amorphous/quartz)

Granite

Graphite

U02 (irradiated)

Strength (psi )

105(6)

2.8-5x10
6.4 x 10 (~ 240C( )

2.9 x 10 (6) 1.9 x 10 9 240C (464F)'

~ o'(')

1.2 x 10 ( )

5.2.1.2 Long-Term Stability for Radionuclide Retention

The ability of the waste form to resist leaching after the waste

package breaches will be dependent on the characteristics of the spent fuel

pellet, These characteristics include surface area, grain boundary

conditions, location of fi ssi on products in fuel structure, phases and

surface structure. During the thermal period, prior to 'ntrusion of water

into the waste package, these characteristics may change with time. In order

to reduce the leaching propensity, it would be desirable to choose a waste

form and specify an upper repository temperature so that the fuel pellet does

not deteriorate from its initial condition during the thermal period,

Five mechanisms have been identified which might alter the fuel

pellet condition:

1. Chemical changes,

2. Volatile fission product migration.

3. Gas diffusion to grain boundaries.

4. Radiation damage due to decay of fission products
with change in crystalline structure.

5. Fragmentation due to thermal and mechanical effects.

120



These mechanisms are analyzed in detail in Appendix D for an isolated intart

pin, Based on these analyses, it can be concluded that there is no reason to

expect significant changes in fuel pellet structure under the repository
conditions expected to prevail. There are some changes in the chemical

micr ostructure of the fuel, but these are unlikely to result in enhance d

availability of radionuclides for transport.

5.2.1.3 Preservation of Cladding as a Barrier

Physical support of the cladding available from a particulate
stabilizer is difficult to assess. Under repository conditions, it vould

no'e

expected that cladding "reep due to the internal pin pressu! e would

b'ufficientto cause compaction of a particulate stabilizer; conversely, it is

clear that the stabilizer would not provi de support to the cladding. If must

still be determined if in fact support for the cladding is necessary. This

will be "elevant only if the pin remains pressurized during disposal.
Bl ackburn (8) identified stress-rupture and stress-corrosion cracking ( SCC)

as the two most likely stress-related cladding degradation mechanisms.

conservative estimate of 377C (711F) as the maximum clad temperature in the

repository, based on stress rupture, was established (8). Whole pin anneals

have demonstrated that thi s temperature limit for stress-rupture is probahly

conservative by at least 50C (90F) (9) (see Figure 5-1). This new temperature

limit (425C or 797F) may still be conservatively low and could possibly be

i ncreased based on further analysis of presently available data.

The Stress Corrosion Cracking Initiation and Growth {SCCIG) Model

(10) developed for the Electric Power Research Institut~ (EPR I) was used by

'iller to evaluate the propensi ty of fuel pi ns for stress corrosi on cracl;i ng

(SCC). The model was used to estimate the maximum radial crack that could be

present in an 'unfai led spent fuel pin after normal LWR exposure and to develop

a 1,000-year fuel pin fail/no-fail boundary based on crack size, temperature,

iodine concentration and internal pin stress.
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As long as the probability of in-reactor failure is less than

1 percent, (the case for the vast majority of LNR fuel pins) then 99 percent

of the remaining unfailed pins will enter the repository with incipient. SCC

cracks, i f present, of less than 20 percent uf the wall thickness. When the

model is applied for repository/storage conditions, the 1,000-year fail/no-

fail lines in Figure 5-2 are obtained, With realistic iodine concentrations

representative of the majority of the pins (5 x 10 — 5 x 10 kg/m ),-5 „ -4

and a 20 percent radial wall crack, Zircaloy cladding temperatures up to at

least 600C (1112F) can be tolerated without SCC causing cladding breach.

Below 425C (797F), the cladding should survive the 1,000-year

thermal period without failure. Should the temperature be increased above

425C (797F), tl,e lifetime would be shorter in the absen, e of physical support

of the cladding.

5.2.1.4 Stabilizer Heat Transfer

The maximum cladding temperature for in-grid and close-packed pins

in a salt medium with a particulate stabilizer has been estimated to be 215C

(419F) and 294C (561F), respectively. These values are less than the lower

limit of the range in which cladding survival is considered questionable.

Section 3.3.6 discusses the temperature differentials of the var ious waste

forms.

6~4 6

/

Assessment of Breached Waste Package

Once the package is breached, the ai>ernatives essentially reduce

,. to only two; one is the fuel pins (whether in-grid or close-packed in the sand

stabilizer) and the other is the sheared fuel pins inmobilized 'in glass.
These two alternatives are compared on the basis of radionuclide release rate
and potential for criticality in this section.

5.2.2.1 R adi onuc 1 i de R el ease R ates

The long term leach rate of radionuclides from the spent fuel

material was assumed to be controlled by the dissolution rate of V02 and taken
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to be 10 g/cm day (11,12) (a vol umetr i c rel ease rate of approx imately

10 /cm /cm s) . This is based on the exposed geometric surface area of

cracked irradiated fuel in cladding. The source formulation for the

fission products in the gap assumed zero internal resistance to transport;

i.e., there is no resistance to transport of nuclides from the surface of the

pellet. The fraction of solid fission products residing in the gap would be

highly variable; however, for purposes of this analysis, 10 percent of t.ho

solid fission products were assumed to be in the gap.

Zircaloy-? cladding corr osion in brine at 250C (48?F) has

measured at approximately 10 mm/yr ( 13) based on a maximum cred: le

temperature in a salt repository. This temperature is much higher than is

expected when the canister has breached, however. Data for corrosion of

Zircaloy-2 in water. as a function of temperature (14) indi cat,e that the
i(

corrosion rate would probably be two to three orders of magnitude less fo;

temperatures expected at the time of cladding attack. Therefore, the cladding

corrosi on rate in the model was assumed to be 10 mm/yr,

The internal pressure in unvented PWR fuel pins is assumed to be

approximately 600 psi (8) and would be expected to cause cladding failu~ e

before the tube wall is completely corroded. Although a wall thickness of

about 7 p'ercent nf the initial value would be sufficient to contain the

pressure, based on an ultimate strength of 70 ksi (8), it is assumed here that

the wall fails at 20 percent of its original thickness to allow for nonuniform

corrosion and possible cladding flaws. Unvented BiJR pin. are assumed to fai 1

at 10 percent of original cladding wall thickness due to the lower

pressure (8) . The geometr ic.. area available for transport through the failed
cladding for the Reference Process, Alternatives I and 3 is based on the

assumption that the initial breach si ze is approximately 0.1 mm in

diameter�

.

A reasonable value for radionuclide transport speed was assumed to
be 4 x 10 cm/s based on thermally driven ground water motion through typical
reposi tory basalt in the volume immediately surrounding the cani ster (15). In

all cases examined for purposes of this assessment, the following assumptions

were made:
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radionuclides are transported at the same rate as the
groundwater

transport rates and radionuclide releases are taken to be
those at the inside of the canister boundary

no credit is taken for retardation of radi onucl ide
transport by the remains of the corroded bar ri ers

no credit is taken for retardation of radi onuclide
transport by tne particulate stabilizer

radioactivity levels of the fuel are taken to be those
at 1,000 years from emplacement, the time of assumed
package ',canister) breach; no credit is taken for
radioactive decay beyond thi s point

no credi t is taken for the delay in canister breach
afforded by the Inconel liner provided in the overall waste
package.

The barrier resi stance of the cladding was assumed to decrease linearly from

the initial value at time of cladding breach to the minimum value
corresponding to the above transport speed at the time when the cladding is
completely consumed by uniform corrosion. Vented and . esealed fuel pin

cladding is assumed to fai 1 when uniform corrosi on completely penetrates the
cladding wall thickness. The cladding transport resistance characteristics
are given in Table 5-6 . Since the water must penetrate and exit the cladding,
the barri er areas for transport are one half the circumferential area of the
cladding tubes. The cladding transport resistance is assumed to vary linearly
between time t> and time t2 for the unvented pin alternatives, t being the
time of initial canister breach.

The resulting individual source r esponses for the PWR pins are
given as an example in Table 5-7. The total fractional release rates as
functions of time are plotted in Figure 5-3 for both the PNi and the Bh'R pins
with unvented (pressurized) pins. The peak at time of initial cladding breach
is due to the rapid release of the highly mobile fission products in the gap

which are quickly depleted. The following build-up and peak at time t2
corresponds„ to the matrix f uel leaching and di ssol ut i on as the cladding
completely fails. The exponentially decaying tail after time t indicates
depletion of the fission products in the fuel matr ix. It should be carefully
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TABLE 5-6
CLADDING TRANSPORT RESISTANCE CHARACTER I STICS

(From Reference 1)

Item

Transport speed

PWR

4 x 10 cm/s

BLAi

-6
4 x 10 cm/"

Transport area 546 cm 725 cm

Time to initial
breach of cladding
(t1)

Initial geometric
parameter (x)'t
t=t *

0

Time to cladding
destruction (t2)

1.44 x 10 s
11

(4560 yr)

106

180 x10 s
11

(57QQ ~ iv i

2.30 x 10 s
(-,ego yr)

10'56

x 10 s
(8110 yi )

Transport resistance 4.58 x 10 s/cm
3

at t=t
(initi)1 treach)

3.45 x 10 s/cm

Transport resistance 4.59 x 10 s/cm
at t=t. (cladding
completely gone)

3.45 x 10 s/cm

* Reciprocal of the fraction of the area of cladding in initial breach



TABLE 5-7

EXAMPLE OF INDIVIDUAL SOURCE CONTRIBUTIONS (PhR, PRESSURIZED PINS)

(frotn Reference I)

Time (1011s)

1.44

1.50

1.50

l.70

1.80

2.00

8.26, (-12)

9.01 (-12) 5.17 (-2)

1.08 (-11) 1.50 (-1)

1.39 (-11) 2. 72 (-1)

2.23 (-11) 4.44 (-1)

1.37;(.1) 6.20 (-1)

8.37

6.31 (-14)

7.28 (-1)

8.98 (-1)

Fuel Matrix Source
Fractional Integrated

Release Rate (I/s) Release

Gap Source
Fractional Integrated

Release Rate (1/s) Release

2.77 (-11) 0

5.42 (-12) 8.40 (-2)

1.44 (-13) 1.00 (-1)

2.91 (-16). 1.00 (-1)

5.56 {-65) 1.00 (-1)

1.00 {-1)

1.00 (-1)

1.00 (-1)

2.23

1.37

(-11)

(-11)

8.37 (-11)

6.31 (-14)

Total
Fr acti ona 1

Release Rate (1/s)

3.60 (-11)

1.44 (-11)

1.09 (-11)

1.39 {-11)

Integrated
Release

1.36 (-1)

2.50 (-1)

3.72 (-1)

5.44 (-1)

7.20 (-1)

8.28 (-1)

9.98 (-1)

4.76 (-16) 8.99 (-1) 1.00 (-1) 4.76 (-16) 9.99 (-1)



10
0-10 4

I

Time After Canister Breach (10 yrs.)3

S 6 7 8 9 10 ll
I I I I I

12
I

ladding Breaches

10

IJ

10
-11

I
IQ

0
0 .10

IQ

C
0
4J
V
lg
L
4

10-12

10

10-13
1 2 3

Time After Canister Breach (101'ec.)

FIGURE 5-3
INDIVIDUAL PIN FRACTIONAL RELEASE RATES FOR UNVENTED'PRESSURIZED) PINS

(Fr om Ref erence 1)

~i'29



noted that the release rates are not corrected for radioactive decay since

this would require more specific information than is contained in the general

model.

In the case of vented and resealed fuel pins, the cladding is
assumed to have an infinite transport resistance up to time t2 when the

cladding is completely corroded. The cladding barrier characteristics after
time t are given in Table 5-6, The resulting release rates are shown in

2
Figure 5-4, Notice tha't very high peak release rates occur as the gap

material is released over a relatively short time span.

For purposes of the release analysis, a standard PHR and 8>!R

individual fuel pin was characterized in terms of its fuel and fuel/clad
configuration. The source concentrations were normalized to be fractions of

the total solid fission product inventory in the pin. The release rates are,
therefore, fractional release rates of the total inventory. Since all pins in

the canister are assumed to be equivalent, the fractional release rates just
derived can be applied to the contents of the cc..ister as a whole, and are

independent of the number of fuel pins in the package.

In the case of'heared fuel in a glass stabilizer, it was assumed

that the homogenized fuel and stabilizer corrode at the same rate as U02,

i .e., I x 10 cm /cm -sec . Furthermore, it is assumed that shearing the

fuel reduces 25 percent of the U02 to a granulated material which reacts with

and becomes uniformly distributed in the glass. Two subcases will be

considered here: Case I assumes that the radionuclides in the fuel-cladding

gap remain i n the gap during the stabilizer fill and cooling process and Case

2 assumes that the fuel-cladding gap material exits the gap and mixes

uniformly with the stabilizer mater'al during fabrication.

The resulting source concentrations (normalized to total canister

inventory) are given in Table 5-8. These concentrations are based on the

currently proposed canister di.iensions for the sheared fuel alternative. The

resulting release rates are shown in Figure 5-5. It should be noted that the

low release rates indicated depend on the optimistic assumption that the glass

stabilizer is completely intact (i.e., uncracked).

To determine the possible effect of an extensively cracl ed

stabilizer glass, Case I was recalculated assuming. the stabilizer was

permeable with I percent of its cross-section avai lable for transport and that
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TABLE 5-8

SOURCE CONCENTRATIONS FOR THE SHEARED FUFL CASE

(From Reference I)

Item

Fraction of inventory
in stabilizer

Case 1

0.25
Case 2

0 325

Concentration in 3stabilizer, cm

4.36 x 10 5.67x10

Fraction of inventory
in fuel chunks

0.75 0.675

Homogenized concentra)ion
in fuel chunks, cm

1.44 x 10 1.30x10

Total concentrati o~
inside cage, cm

1.88 x 10 1.87x10

Note to Table 5-8: The calculations presented here are based on canister
inside radius of 21.6 cm and a fill height of 391 cm. These values differ
from those presented in Figure 4-8 for the Alternative 4 package. The
conclusions drawn from Figures 5-5 and 5-6 are not significantly altered if
these differences are taken into account. „
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all of the sheared fuel pin pieces are exposed at the time of canister
breach.* The resulting release rate is shown in Figure 5-6. The initial
spike at time t=0 is due to the sudden release of the material in the fuel

cladding gap. If all the material from the gap were dissolved in the matri x

(Subcase (b)), the r esponse would be very similar except the init'.al spike

would be absent.

Initial release rate spikes associated with the sudden release of

gap fission products were observed in the Alternative 2 waste form and in the

sheared ,.:~'fuel alternative with cracked stabilizer . These very high

instantaneous release rates shown in Figures 5-4 and 5-6 are artifacts of the

model assumptions and would probably be reduced by several orders of magnitude

by probabilistic and internal transport delay mechanisms not included in this
mode>. For example, the release rates indicated in Figure 5-3 imply that all
the gap material is released within a few hours of cladding breakdown. In

reality, all the fuel pins would not fail at one time and the cladding on any

given pin would not corrode uniformly, This could easily extend the release
period for the gap material over several years thereby reducing the peak

release rate by about 4 or ders of magni tude. In addition, the radionuclide

retention in the stabilizer remains due to adsorption has not been included.

This would, again, possibly reduce the apparent release rate from the waste

form, The presence of these release rate spikes should not, therefore, be

used as a basis of rating the general release rates of the various waste

forms ~

It is apparent that the release rates for the waste forms considered

are comparable, with none having any obvious superiori ty. The only important

difference is the delay time between canister breach and onset of release. It
should be noted that:

*This implicitly assumes that the mass of sheared fuel pieces has not been
penetrated by the matri x - an unlikely si tuation . It would be appropri ate to
assume that some fraction of the sheared fuel in excess of that exposed
directly to the cracks ih %he stabilizer is available for transport, due to
the existence of interconnected voids resulting from incomplete penetration
of the stabilizer. Thus, Figure 5-6 wi 1 1 overestimate the release in
comparison to the other cases examined. It should also be noted that nei ther
Case I nor Case 2 take any credit for the sealed stainless steel inner
canister as a transpo; t barrier.
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I. The 4,000 to 8,000 year time delay before onset of release from
intact fuel pins is due mainly to the presence of the intact
cl adding.

2. The sheared fuel in a cracked stabilizer produces zero time
delay due to the absence of an intact cladding barrier* ~

Since the fission product activity at times after the thermal period (-1,000
years) is due to long-lived isotopes, the time delays produced by the intact
cladding do not produce a large reduction in activity released as shown in

Figure 5-7 ( 16). If the canister were to breach prematurely during the time

when short-lived radionuclides dominate, however, a built-in time delay of a

few thousand years to onset of release would become a critical safety
factor. The presence of the liner in the emplacement package would provide

//
such a safety factor, as it would extend the time at which formation fluids
first come .in contact with the can'ster by 500-1,000 years.

The release characteristics of the various waste forms, once the

cladding is breached, is dominated by the internal resi stance of the fuel
matrix source, i.e., the leaching characteristics of the fuel. Any

degradation of the fuel prior to canister breach could drastically affect the

absolute leaching characteristics and, hence, the overall performance of the
waste form. It is important, therefore, to maintain cladding integrity prior
to canister breach since "breach of the cladding (e.g., shear ing the fuel)
would lead to large u.icertaint ies in the state of the fuel after the waste

package breaches.

5.2.2.2 Criticality

Until the burnup of LWR fuel exceeds approximately

20,000 MWD/NTU ( 17-20), there i s enough fissile material in a single assembly

to go critical if the correct ratio of fuel to moderation is allowed to occur.
Inasmuch as ( I) some assemblies received may have burnups less than thi s

value, and (2) multiple packagi ng of fuel assemblies in a canister is

*The authors also note that a metallic stabilizer in the i ntact assembly case
(i.e., the Reference Process) "may add 1000 to 2000 years to the delay time"
(p 70)
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contemplated (up to 3 PN or 8 BN assemblies/canister), steps should be taken

to prevent criticality from occurring in the repository. If criticality
occurred, the heat load of the repository is increased at least an order of

magnitude {at shut down, decay heat produces 7 percent of a reactor thermal

load) and the radiation field is also significantly larger . In addi ti on to

consi dering the generation of gas due to radi olysi s and radiation damage to
the package components, it is necessary to reassess the integrity of the

package and repository at the higher temperature. Furthermore, arguments

relating long term safety of the repository to eventual decay of the spent

fuel to the activity levels of natural uranium are no longer valid since new

short- lived isotopes will be generated,

The Pacific Northwest Laboratory (PNL) has studied the question
'nd

concluded that for certain configuration of fuel ( 17-20), there is a

pos.ibi lity of criticality occurring. These results were questioned since

they represented highly improbable and ideal situations. An independent

assessment of the PNL criticality calculations ( 17-20) was made under- more

plausible scenarios to evaluate the criticality possibility, with the result
that i t is concluded that there is a very small, but real, possibility of
criticality in the canistered fuel.

The calculations were made with the KENO-IV Monte Carlo code (20)
and compared to the PNL results to provide verification of the present cal-
culations. Although sma~ 1 d',fferences are seen, the PNL studies are

expected to be more accurate since their detailed pin cell calculations pro-

vide better effective cross sections; general trends should remain

unchanged.

Based on both the Battelle calculations and those conducted at

HEDL, a number of simplificati ons can be made to an otherwise complex

mul tivari able problem. First, for a reasonably long cylinder

(d. -

t > 10), the length of the cylinder is relatively unimportant so
length

that geometry effects can be discussed in the context of only the cylinder
diameter. For the same reason, the absolute amount of fissile material is
unimportant, only its homogenized densi ty. Secondly, hydrogen moderation is

138



very important so that the hydrogen to uranium ratio is a key variable. These

considerations lead 'o the representation of criticality parameters shown in

Figure 5-8. Figure 5-8 displays k ff as a function of the ratio, volume of

water to volume of U02.

—
VH 0/VUQ

2 2

Separate curves for VH O
+

VUO
= constant are shown for different cylinder

radii (10", 13", 16"). The bas8 case results in Figure 5-8 were computed forII

the following conditions: U02 and H20 are assumed to completely fill the

cylinder and are homogenized over the entire cylinder, the outside of the

canister cylinder is water reflected, and the fuel is fresh (no burnup) at 3.5
percent enrichment.

Bat tel 1 e s tudi es ( l7-19) indi ca te that a water to uranium-oxide

volume ratio of about R = 3,3 is optimally moderated for these conditions.
The HEDL work is in agreement with this conclusion. Battelle's absolute
'values of keff are slightly higher than HEDL results but the densities are

also slightly higher for the same postulated conditions.

From Figure 5 8, it is clear that criticality is a definite
possibility i n the Reference Process't a diameter, d, of 13 i nches, if only

fuel and water and some cladding are in the canister. For a single spent fuel

assembly the H 0 to U02 ratio is close to R = 5 for dispersed fuel. Clearly a

settling of fuel as the fuel pins di si ntegrate could drive this ratio towards

the optimum value near R = 3.3. Moreover, if the canister disintegrated and,

along wi th a shif ting of the surrounding medi um, al lowed the ef fecti ve

homogenized radius to increase, then the system would become more reactive.
Since there is much more than a critical mass available, the surest

way to avoid criticality is to limit the amount of moderation due to water

intrusion. One way is to simply store more fuel in the canister which leaves

less room for water. But this approach of course increases the amount of

fissile material so that if gross distortions of the geometry at very long

di spos al times are consi dered, it becomes more di ff i cul t to rul e out

criticality scenarios. A more obvious approach is to ensure the displacement
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of significant amounts of water by an appropriate non-fissile filler. This is
apparent in the "SANO" curve in Figure 5-8 where sand and water were assumed

to occupy equal volumes. The value R retains its meaning as the r atio

1/H 0/YUO For a f i xed vol one, the sand rep 1 aces both water and U for a f i xed

ratio R, thus significantly lowering the reactivity.
"'. N2

5.3 CONCLUSIONS

Analyses presented in this section indicate that the reference fuel

(waste) form should survive the projected 1,000 year life of the package

(canister) barrier without any degradation wh:ch would be likely to result in
)j . /)

an enhanced release of radioa'tive material at th~ time of package breach.

Calculations show th t, once' normal package (i.e~, containing intact fuel

pins) is breached, delays of the order 'of 4 to 8 thousand years occur before

there is a release of radioactivity. Ii the sheared fuel alternative, no

delay in release is apparent if it is assumed that the glass stabilizer "'.s

cracked and if no credi t is taken fo'r the double containment in the

Alternative 4 Process; an. uncracked stabi lizer is estimated to provide more

than three thousand years delay.

There is no essential difference in the performance of the var ious

intact fuel pin waste forms with sand stabilizer, although the use of close-
packed pins reduces the fraction of volume occupi ed by stabilizer and thus may

reduce the amount of deformation of the canister under lithostatic pressure;

Alternative 4, with its solid stabilizer, shows minimum deformation. Lack of

a specific criterion for acceptable canister deformation in this circumstance

precludes a determination of whether the sand is acceptable or unacceptable in

respect to this attribute. Table 5-9 presents the .relative rankings of the

Reference and Alternative Maste Fnrms ln respect to this and other attributes
related to long-term waste form performance.
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TABLE 5-9

llASTE FORM RArll<ING AT <425C C! AD TEMPERATURE

(Extracted from Table 30 of Reference 1)

Ref erence
Process and Alternative Alternative Alternative

Functional Criteria Alternative 1 2 3

Support Against
Lithostatic Pressure

Breach of Canistei
Due to Pressurization

Stability ~f Heat
Tr ansf er

Minimizing Cladding
Degradation

Long T rm' tab i 1 i ty
for Radionuclide
Retent ion

Independent Barrier
to Migration

Criticality

(1 (best) — 4 (worst)

4(b)

Reference to "Stability of Heat Transfer" should probably read
"Stabilizer Heat Transfer"

It appears that these rankings were derived from the 6 T's reported in
(b)

Section 3.3.6. As was pointed out in Section 3.3.6, using the thermal
conductivity of sand and giving no credit to the compacted fuel rods
which occupy approximately 70 percent of the cross section of the
cani ster results in a higher calculated temperature differential, and
thus a lower ranking on this attribute than is justified.
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6.0 OVERALL SUMMARY AND RECOMMENDATION

Three essentially parallel studies were conducted to arrive at a

conclusion regar ding a preferred waste form/package combination for the

disposal of spent nuclear fuel. One study was concerned with the elements

of the disposal package and their interaction with the waste forms, one con-

sidered the impacts of alternative waste forms on the overall packaging/

disposal system, and the third addressed the long-term performance in the

repository of the waste form/canister combination. Based on the first
study, a package configuration was selected and the same configuration was

used in all of the comparative processes; similarly, a Reference Process was

designated, based on the packaging and disposal of unmodified spent BWR and

PWR fuel assemblies as described in a Bechtel Group report titled National

Waste Terminal Storage (NWTS) Conceptual Reference Repository Description

(CRRD). The alternative waste form processes were compared to the Reference

Process an'd ranked in order of their overall attractiveness. Finally, the

results of the waste form performance evaluation were combined with the

process evaluations to arrive at a recommendation for a preferred waste

form.

6.1 SELECTION OF PACKAGE

The waste package was defined as all elements of the fuel

confinement system which are placed in the cavity bored in the repository host

rock.

Elements of the standard, or reference package were:

a canister of 0.64 cm titanium alloy (TiCode-12 )

a stabi liz'er inside the canister
I

a borehole liner of 2.54 cm Inconel, with seal welded
cover

sand filler in the annulus between the canister and
the liner
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a shield plug between the canister and the liner cover

bentonite backfill around the liner, 30.5 cm thick.

Only dimensional differences distinguished the packages in the various
alternatives, and no incompatibilities between the waste forms and the
package wer e identifi ed in the study of the package/waste configurations. In
order to provi de a pr actical basis for process comparison, sand was selected
as the stabilizer, recognizing that a particulate stabilizer is not optimum

for the function of resisting lithostatic pressure. A low melting metallic
alloy could be substituted for the sand stabilizer without significantly
affecting the process evaluations,

The Reference Process and the alternatives assumed that the spent
fuel for processing is the standard Westinghouse 17x17 assembly (PWR ) and the
General Electric Sx8 Bl8-6 assembly (BWR ). Variations on these basic fuel
assemblies can be handled without materi ally affecting the processes.

6.2 SYSTEM EVALUATION

A common basis of comparison of the four ailternative processes
against the Reference Process was developed by fir st identifying for each the
process steps necessary to reach the objective of placing the fuel in a

repository in the prescribed package configuration. Following identification
of the process steps required, a process method which could reasonably be
expected to be feasible under conditions of remote operation was devised; a

conceptual process equipment layout was then made to estimate the added

facilities required over those necessary for the Reference Process. Material
and equipment requirements for each alternative were identified, and the
impacts of the differences among the four alternative processes and the
Reference Process on the packaging facility „and the repository were
identified.

With this common basis established for the processes, a systematic
comparison of the relative merits of the different alternatives was conducted
in the manner discussed in the following paragraphs of this section.
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6.2.1 Method of Compar i son

The pertinent concerns in respect to the five processes were

divided into four areas: technical, operational, safety/risk, and economic.

Assessments were made of each of the processes in each of these four areas and

these assessments formed the basis for the quantitative comparisons,

The technical assessment considered the number and nature of

additional operations required over those in the Reference Process and the

nature of the equipment and oper ati onal procedures required to accomplish the

desired objective, The state of development of the technology and the

equipment, and the level of experi ence which has been acquired i n the same or

similar operations was evaluated. Other factors considered in the technical

assessment included the waste form effectiveness, and the safeguards

effectiveness of the process.

The operations assessment considered: the complexity of the

process, as reflected by the number of operational steps required; the nature

of the equipment, its reliability and maintenance requi rements; the nature of

and processing required for secondary wastes generated in the process; and the

material handling in the packaging facility and repository. Radioactive

material control problems inherent in the process were identified and their

operational impact assessed.

The safety/risk assessment considered the probable sources of

exposure both to plant workers and to the public which were considered to be

inherent in the process, and an assessment was made of the accident potenti al

including the probability and consequences of criticality-, fire, explosion,
or effects of natural phenomena events (earthquake, tornado). Occupational

safety aspects were considered, and the alternatives were c;impared in respect
to the probable effects of an intrusion i nto the repository by a drilling crew

one hundred years after closure of the renository.

The economic comparison of the var,,ious alternatives addi essed the

capital costs of the respective facilities required, the operating costs, and

the packaging costs. These were expressed finally as the total unit cost over

the life;of the facility in dollars per kilogram of urm<ium emplaced in the

repository.
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6.2.2 Results

In comparison to the Reference Process, all the alternatives
require additiona'. operational steps, and employ processes which are less
well demonstrated than the Reference Process, All of the processes require
additional packaging facilities and equipment, which increase operational and

maintenance problems in the packaging facility. Alternative 4 is clearly
the'ost

complex of the alternatives, and involves the greatest uncertainties in
the feasibility of the required operati ons. In terms of material handling and

the level of effort required in the repository, Alternatives 3 and 4 are
outstanding —nearly sixty-five percent fewer emplacements are requi>;.d for
these alternatives. Some of this advantage in the case of Alternative 4 is
offset by the substantial additional in-process material handling required,
A significant increase in the advantage of these two alternatives would result
if the thermal loading of the repository could be increased, permitting a

closer spacing betw'een the larger packages than is requir'ed by the 60 kW/acr e .

loading assumed in this study; a decrease in the spacing for the larger
packages would substantially decrease the amount of mining required to
establish the storage corridors.

In terms of safety/risk considerations, all alternatives are less
advantageous than the Reference Process, although the„ differences become

significant only in connection with Alternative 4, where there is a

substantial increase in the risk of facility contamination from the shearing
operation, and where a difficult off-gas treatment is required. Potential
hazards from criticality, fire, explosion or natural phenomena events do not
appear to be significantly different for any of the alternatives, although the
sheared fuel of Alternative 4 would incr ease whatever potential risk there is
from any of these disruptive events.

The economic comparison was affected by three principal factors:
operational complexity, faci li ty requirements, and the costs of packaging
materials. Of these, the material costs dominated the comparison; high
material costs for the Reference Process and Alternatives I and 2 were. a

result of the much larger number of packages required in comparison .vith

Alternatives 3 and 4, and established these latter alternatives as clearly the
most advantageous economically. '/
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Although the factors considered in the technical and operational

assessments described earlier have a profound impact on the economics of the

respective processes, an effort was made to separate the technical and

operat onal assessments from any influence by the economic consequences of

technical and operational factors. The economic evaluation was likewise made

independent of considerations related to the technical uncertainties or to

the magnitude of probable operational and maintenance problems likely to be

encountered with the more complex processes. It might also be noted that the

economic analysis did not consider the probable costs of development programs

which would be required to demonstrate the respective alternative processes

at a level which would provide reasonable assurance of success in their
application in a production facility. The principal impact of taking this

factor into account would be to reduce somewhat the economic advantage of

Alternative 4 over the Reference Process and Alternatives ] and 2.

6.3 WASTE FORM PERFORMANCE IN REPOSITORY

The assessment of waste form performance considered two time

periods: the period from emplacement to breach of the canister, which is
assumed in these analyses to be approximately 1000 years, and the period of

time following canister breach.

6.3.1 Method of Evaluation

Thirteen combinations of spent fuel configurations dnd stabilizers
were evaluated in respect to stabilizer functions and to any factor or

combination of factors which might influence the integri ty of the

canister/waste form/stabilizer combinations (and hence the time to canister
breach), or might alter the transport of. radioactive. material from the package

after the canister barrier has been breached; Of these, only five
combinations are pertinent to this study--the Re'ference Process Waste form

and those of Alternatives 1-4,:all with particulate stabilizer.

The ability of the particulate stabilizer ''to resi st effect . of

lithostatic (i.e., non-hydraulic) pressure forces on the canister, and the
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probable extent of distortion of the cylindrical canister under such forces

were examined. Stability of the fuel form and probable effects of possible

fuel/pellet degradation mechanisms on radioactivity release rates were

examined, as also was the expected longevity of the cladding as a barrier in

the alternatives involving canistering of intact fuel pins.

After breach of the canister, the evaluation was primarily

concerned with the probable rates of release of radioactive material from the

fuel as a function of time after canister breach, and the factors which affect
these rates. The potential for assembling a critical mass in the repository

after loss of cladding and fuel structural integrity was also examined.

6.3.2 Results

In general, all intact pin forms were found to be about equivalent

in long term performance, with the vented pin having a slight advantage in

delaying onset of release of radioactivity in the distant future. No

degradation mechanisms were found which would impair the

fuel/cani ster/stahi li zer integri ty duri ng the first 1000 years, and no

significant differences were observed in release rates after breach of the

barriers. The only important difference found was the time delay between

canister breach and onset of release, which ranged from 4000 to 0000 years for
the alternatives involving packaging of intact rods, and zero delay for the

sheared fuel with a'racked (glass) stabilizer, when it is assumed that the

inner canister of Alternative 4 loses its integrity at the same time as the

titanium alloy canister does.

Criticality in fuel material, due to rearrangement of'uel geometry

following loss of integrity of the clad and fuel structure, was found to be a

credible possibility. Although no evaluation of the probability uf a long term

ci i ticali ty problem was made, it was concluded that the only case in which

there appeared to be a possible criticality problem was the intact assembly

with a gas stabilizer, Absent specific criteri a as to allowable distortion of

the canister under lithostatic pressure, no conclusion could be drawn as to

the acceptability or unacceptability of the particulate stabilizer to resist
that pressure.
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6.4 SUMMARY OF EVALUATIONS

In order to arrive at an overall rating of the waste form/package
alternatives, the relative merits of each in respect to each of the issues
identified in Section 1.1 must be considered. The issue of compatibility of
waste form wi th the overall repository package does not provide a basis for
di scrimi nati ng among the alternatives, as all packages were essentially
identical and no incompatibi lities were found.

'(

A qualitative comparison of the four alternative processes with the
Reference Process in respect to their impacts on packaging and repository
operations reveals some obvious advantages and disad,antages to ea"ti, as
summarized in Table 6-1. A more quantitative evaluation, taking into detailed
account considerations re)ating to the technical status of the process and

equipment, the nature and severity of potential operating problems, the
relative safety/risk inherent in the respective processes, and the overall
economics of the packaging, handling, and d;sposal operation, make possible a

ranking of the alternatives in respect to these assessment areas. This
ranking is shown in Table 6-2. Not immediately apparent from Table 6-2 is the
extent of the inf luence of the economi c comparator in the determinat i on of the
overall ranking; Alternative Processes 3 and 4 require 65 percent fewei

lp

packages for the same process throughpu'., and both the decreased cost of the
packages and the decreased cost of the handling and emplacement operations
offset the impact of the increased romplexity of these two processes.*

Assessment of the long-term performance in the repository of the
alternative waste form/stabilizer combinations showed significant difference
among the candidate processes only in respect to the ability of the stabi li zer
to resi st lithostatic pressure and to the influence of cladding degradation.
The alternatives with the solid stabilizer were clearly more able to resist
li thostatic pressure. With the particulate stabilizer the close-packed pins

*The advantage of reduction in number of packages could be attai ned by
emplacing more assemblies in each canister. Appendix E presents the results
of an analysis of package costs and package material requirements using the
Reference Process and an increased diameter canister which would hold.3 PWR
assemblies or 8 HWR assemblies.



TA8LE 6-1
TRADE-OFFS: ALTERNATIVE PROCESSES VERSUS REFERENCE PROCESS

Principal
Operational Steps

ALTERNATIVE I

Remove E nd F i t t, I ngs
Package End Fittings

ALTERNATIVE 2

Remove End Fittings
Vent and Reseal Pins
Package End Fittings

ALTERNATIVE 3

Remove End Fittings
Pull Fuel Pins
Compact and Package Hardware

ALTERNATIVE 4

Remove End Fittings
Pull Fuel Pins
Shear Fuel Pins
Imnobi lize in Glass-Ceramic

Positive Factors

Shortens Canisters
Reduces Weight to Handle

Shortens Canisters
Reduces Weight to Handle
Relieves Internal Pressure
Increases Temperature Margin

Shortens Canisters
Increases Density of Packing
Increases Flexibility in Canistering
Greatly Reduces Canister Requirements
Increases Repository Loading Options
Reduces Handling of Material

Increases Flexibility in Canistering
Greatly Reduces Canister Requirements
Reduces Handling of Material
Removes Some Fission Gases
Provides Matrix of Low Solubility
Provides Means of Sequestering Fuel Fines
Glass-Ceramic Matrix Has Good Thermal/

Mechanical Properties

Negative Factors

Creates Additional Waste
Presents Small Additional Risk
Requires Additional Facilities

Creates Addit',onal i'aste
Presents Small Additional Risk
Requires Equipment Development

and Demonstration
Requires Additional Facilities

Creates Additional I'aste
Requires Significant Additional

Facilities
Slightly Increases Safety Risk
Requires Considerable Equipment

Design De,elopment
Requires Equipment Demonstration

Destroys Barrier Provided by
Fuel Cladding.

Requires Double Canistering
Substantially Increases

3'fety Risk
Creates a Troublesome Waste
Significantly Increases Facility

Requirements
Presents Difficult Maintenance

Problems
Requires Largo Scale Development

Program
Involves High Temperature Operation
Quality Control Diffirult
Requires Large Amount of Additional

Facilities, Both Radioactive and
Non-Radioactive
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TABLE 6-2 .

SUMMARY..OF RANKING OF ALTERNATIVE PROCESSES

Assessment Reference
Area Process

Disassembly
End Fitting Fission Gas and Pin Shearing And

Removal Venting Storage Immobilization

Technical

Operating

Risk

Economic

Figure
Of Merit

2

1

4

2

3

I
3

,3
4

3

3

5

3

I
2

I

are more effective against lithostatic pressure than the intact assemblies,

which have considerably more void area for stabilizer fill and compaction..The
assessment for impacts of cladding degradation resul ted in downgrading the

sheared/immobilized waste form significantly. Ranking of the alternatives in

respect to the in-repository criteria is set forth in Table 6-3,
It should be noted that the overall ratings in the performance

study favored the solid stabilizer waste forms over the particulate by a

substantial margin, which was almost entirely due to the influence of the rating
on resistance to lithostatic pressure. In view of the lack of any criteria for
acceptable distortion of the canister, this cannot be used as a basis for
rejecting the particulate stabilizer. It is of course obvious that a solid
stabilizer. would be preferable for resisting canister distortion;,as noted

elsewhere in this report, a low-melting metallic alloy could be substituted for
the particulate, by making relatively minor changes in process equipment,

without altering 'the process'valuation presented in Section 4.0.
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TABLE 6-3

WASTE FORM RANKII'IG AT ( 425C CLAD TEMPERATURE

(Extracted from Table 30 of Referenc I)

Reference
Process and Alternative Alternative Alternative

Functional Criteria Alternative I 2 3 4

Support Against
Lithostatic Pressure

Stability of Heat
Transf er

Minimizing Cladding
Degradation

Long Term Stability
for Radionuclide
Retention

Independent Barrier
to Migrati,on

Criti cali t

I (best) 4 (worst)

Breach of Canister
Due to Pressurization

Reference to "Stability of Heat Transfer" should probably read
"Stabilizer Heat Transfer"

It appears that these rankings were derived from the 6 T's reported in
Section 3.3.6. As was pointed out in Section 3.3,6, using the thermal
conductivity of sand and giving no credit to the compacted fuel rods
which occupy approximately 70 percent of the cross section of the
canister results in a higher calculated temperature differential, and
thus a lower rankin(„ on this attribute than is justified.
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6.5 RECOMMENDATION

As a result of the assessments made during the course of these

studies and comparative analyses of the relative merits of each disassembly

alternative, as summarized in Sections 3.0, 4.0, and 5.0, it was concluded

that Alternative 3, involving the disassembly of spent fuel and packaging and

disposal of the resulting fuel pins, is the preferred method of disposing of

spent fuel. Alternative 3 does not rate as the first preference in all areas

of evaluation. It is concluded that, on balance, the disassembly and close-
packing of fuel pins is the optimum approach; a principal r;ason for this is
the reducti on of nearly 65 percent (relative to the Reference Process) in the

number of packages which must be handled and emplaced which is made possible

by this process.
I'he recommended process entai ls a more complicated packaging

procedure than the Reference Process or Alternative I, and is about ei,

(overall) in process complexity

ar�ith

Alternative 2 . The economic evaluation

places it as the most attractive ',, overall cost, followed by Alternative 4;
the latter, even though superior 'ii ability to resist lithostatic pressure, is
ruled out due tu its increased complexity and the major uncertainties as to
the operational feasibility of several of the processes involved.

From the standpoi nt of the suitability of the waste form,

Alternative 3 is about even with the Reference Process and Alternatives I

and 2, although Alternative 2 might receive a slightly higher rating than

Alternative 3 on the basis that relief of the internal pressure in the fuel

pins delays from .4000 to 8000 years the time after cani ster breach in the

repository at which release of radioactivity commences, ' t would be a

relatively simple matter, however, to combine the benefits of both

alternatives by venting and resealing the pins either before pulling as in

Alternative 2 or after pulling. In comparison with Alternative

Alternative 3 may be equal or better, depending on how one assesses the value

of the Zircaloy fuel cladding barrier versus the double encapsulation i n

Alternative 4 in a glass matrix and a stainless steel container. As has been

observed, this was not taken into account in the in-repository performance
study.
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It is clear that economic advantage of Alternatives 3 and 4 over
th)'eferenceProcess and Alternatives I and 2 is dominated by the effects of

reducing the number of packages to be emplaced. The total costs for the five
processes under consideration were all dominated by the package costs, and are
quite expensive because of the complexity of the package design which= was

employed, and by the high cost of the materials required. Notwithstanding,

the relative advantage of Alternative 3 over the Reference Process and

Alternatives I and 2 would be preserved regardless of the package costs; thus,
if even the simvlest of the packages which have been p. evi ously consi dered for
disposal of spent fuel (or high level solidified waste) were used as the

packaging ba..is for this study, Alternative 3 will show an economic advantage

over the Reference Process and Alternatives I and 2. The unit costs :f the
Reference Process and Alternative 3 were calculated at 75, 50, and 25 percent
of the Reference Waste Package cost . The results are plotted in Figure 6-1,
and clearly illustrate that the magnitude of ine difference i s sensitive to
package costs, but that the sign of the difference is unaffected .by package
costs down to essentially zero package cost. The Alternative 3 process is
also attractive as a means of tailoring the thermal loading per package to the
specific requi rements of a repository; as the per package loading decreases
from three PWR or eight BWR assemblies per canister, the economic advantage of
Alternative 3 wi 1 1 diminish, but wi 1 1 not di sappear .
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INTRODUCTION

A 1000-year containment life has been specified for nuclear waste packages

designed for geologic isolation (Al). Consequently, waste packages must be

constructed from materials that wi 1 1 resist fai lure under all possible

thermal, radiation, pressure and water chemistry conditions which may develop

over this extended period of time.

Corrosion resistance in aqueous saline solutions is a primary property

considered when selecting waste package materials for salt isolation;
available information indicates that titanium and nickel alloys are the best

metallic candidates (A2), A review and analysis of the avai lab le saline
Il

corrosion data is presented in this appendix to estimate how temperature and

radiation will affect the general corrosion* of these alloys. It should be

possible to combine the analytical results with predictions of thermal

conditions developed during salt isolation to estimate minimum gener a 1

corrosion allowances for waste package barriers fabi icated from titanium and

nickel alloys.

ASSUMPTIONS

I) The dependency of corrosion rate (R ) on absolute temperature (T) is given
by the Arrhenius equation, i.e.,
R = ae where a and b are constant

2) Tha Arrhenius relaionship governing the temperature dependency of nickel
al loy corrosion in brine and sea water exhibit similar values of the b
constant (plots of R nR vs 1/T exhi bit the same slope for corrosi on in
brine and seawater)

3) The reported differences in the brine and seawater corrosion behavior of
nickel alloys*'re not statistically signif icant.

*Uniform surface attack

**The nickel alloys referred to are those in which the base metal is "alloyed
principally with Cr and frequently also with additions of Fe, Mo, W, Co, Nb,
Ti or Al.
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4) Radiation influences corrosion behavior in brire in a manner similar to
oxygenati on.

DISCUSSION

Corrosi on Data

A summary of the available corrosion data for titanium and nickel alloys in

brine and seawater is given in Table A-1 (A3, A4, A5, and A6), The saturated
solution of salts commonly referred to as brine is the corrosive fl«id which

can form in a salt repository. Seawater is a corrosive fluid obviously
related to brine in that it contains similar dissolved salt constituents but

is less concentrated by about a factor of ten (A3). The general brine and

seawater corrosion data summarized in Table A-I include information on

conmerci ally pure ti tani um (C. P .Ti ), two ti tani um alloys (TiCode-12 and Ti-
Pd), and four nickel alloys ( In600, In625, In825 and Hastelloy C-276). These

materials were tested at temperatures ranging from about room temperature to
250C under anoxic and oxic conditions. Also included in Table A-I is a

, I

'material referred to as a "Typical Nickel Alloy" which represents the
corrosion behavior of the four tested compositions with the data averaged

where possible.

Titanium Corrosi on

One obser vation to note with regard to titanium is the difference in corrosion
behavior of the chemically pure material compared to the al loys. The

chemically pure material exhibited a pronounced increase in corrosion rate
and transition from general to crevice attach at 250C in brine when the
solution chemistry was changed from the anoxic to the oxic condition. Under

the identical conditions, general corrosion was maintained for the titaiiiixn

alloys with the corrosion rates being substantially lower in the oxic case.
These observations were generally confirmed by the behavior exhibited in

seawater at 250C where change in fluid conditions from anoxic to oxic caused

an increase in the corrosion rate of commercially pure titanium but decreased
that of the TiCode-12 alloy,

f
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TABLE A-I

THE CORROSION BEHAYIOR OF TITANIUM AND NICKEL ALLOYS,

REFERENCES A3,A4,A5, AND A6
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The aforementioned titanium and titanium alloy corrosion results have three
implications in regard to the selection of these materials for sal t
applications and their anticipated corrosion behavior.

2.

3.

The susceptibility toward crevice corrosion exhibited by the
commercially pure titanium implies that use of this material would
have to be justified by careful analytical work and additional
corrosion testing. This is necessary to quantitatively determine
how all solution conditions (T, P, pH, I 0 j , etc.) interact to
govern whether general or crevice attack occurs, and establish that
operating conditions favoring crevice attack cannot develop during
the design life of the waste package. Consequently, in the absence
of this data, the selection of one of the two titanium alloys
represents the more conservative choice of material for salt
repository waste packages.

The decreased rate of general corrosion caused by increasing the
oxygen level of the solution (anoxic to oxic change) implies that a
similar effect might result from radiation exposure, since it is
generally conceded that the oxidation potential of any brine in the
vicinity of a geologically isolated nuclear waste package will be
increased by its reaction with radiation (A3, A5, and A6). On the
other hand, it would be more conservative to simply conclude that
the general corrosion resistance of titanium alloys is not expected
to be significantly changed in the presence of radiation as opposed
to being improved. This approach is substantiated to a degree by
result of BJ aithwaite et al (A3), who reported that the general
corrosion rate of TiCode-12 under a radiation exposure of 10/ rads
( T )/h at 90C remained unchanged in seawater, and was only doubled*
in brine by'="=ompari son to the levels measured without presence of
radi,.ation,

General corrosion allowance calculations based on the behavior
under anoxic conditions should be conservative in regard to the use
of the titanium alloys for salt repository waste packages, (The
general corrosion rates measured for the titanium alloys were
higher under anoxic compared to oxic conditions, and radiation
effects favor development of oxic conditions).

*Owing to the extremely low corrosion rates measured for this titanium alloy
at 90C (-10 5 in./yr), a factor of two increase may be well, within the
accur acy of experimental measurements.
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The corrosion data reported for TiCode-12 and Ti-Pd tested in anoxic brine are

plotted in Figure A-l, assuming that the corrosion rates follow an Arrhenius
b/T**

equation temperature dependency, i.e., R=ae . An accurate description

of the influence that temperature has on the rate of a chemical reaction is

typically given by this expression over small temperature ranges when

reaction mechanisms remain unchanged (A7 ).

The equations given in Figure A-1 to define the dependency of corrosion rates
on temperature are least square curve fits. They could be used to calculate
general corrosion allowances for TiCode-12 or Ti-Pd alloy waste package

barriers, provided that the dependency of barrier temperature on residence

time in the repository has been analytically determined.

Temperature appears to have approximately the same influence on the general

corrosion behavior of both titanium alloys, but the rate of attack is s1ightly

higher for the TiCode-12 composition. Regardless, the TiCode-12 should be

less expensive than Ti-Pd (A5); therefore, i t is the best currently availab le

titanium alloy for salt repository waste package applications.

Nickel Alloy Corrosion

Most of the corrosion rate data available for nickel alloys represents anoxic

tests at 250C, Depending upon the particular alloy, these rates range from-
0,0002 to 0.0004 in. /yr in brine, and ™0 .0001 to 0.0005 in, /yr in seawater,

However, these data typically represent one or two short 'duration tests on

each material, consequently, differences in reported corrosion rates ae

probably not significant. This conclusion was applied to the "Typical Nickel

Alloy" summary given in Table A-1 where the 250C anoxic brine and seawater

corrosion rate.: are averages of all the reported data.

**R = General Corrosion Rate
a and b = Constants
T = Absolute Temperature
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Only three tests have been run on nickel alloys under oxic conditions, but the

results consistently reveal a corrosion behavior distinctly different from

that previously described for the titanium alloys. This difference is
graphically illustrated in Figure A-2 where the corrosion rate of nickel and

titanium alloys are plotted as a function of the oxygen content of the testsolutions�

. The nickel alloys, In600 and Mastel loy C-276, displayed roughly a

factor of ten increase of corrosi on rate at 250C when test condition'ere
changed from anoxic to oxic which is opposite to the observed titani um alloy

behavi or . The Hastel loy test material was also pi tted by oxic br i ne and

seawater which proved to be a particularly surprising result since the test
autoclaves were fabricated from this alloy and none underwent similar attack

(A2). This result illustrates how subtle cnndit'ons are frequently involved

in determining whether or not localized attack occurs, and serves to emphasize

that corrosion behavior is best established by careful statistical
experiments.

The implication of the observed increase' n nickel alloy corrosi on behavi or

caused by an anoxic to oxic change of solution condition is that radiation
(increased oxidation potential) will have a similar effect. This negative

influence of radiation could be minimized in waste package design by placing
any'nickel alloy barrier furthest from the waste form or shielding it.

To be conservative in determining waste package corrosion allowances for
nickel alloys, additional data are required on their behavior in oxic br ine.
Further testing is necessary to statistically determine whether the many

candidate .nickel alloys differ significantly in corrosi on behavior, whi ch

compositions maintain general corrosion behavior as opposed to undergoing

localized attack such as crevice, pitting or stress corrosion, and also how

corrosion rates are influenced by temperature.

The corrosi on behavior of nickel alloys under worst-case repository
conditi ons, approximated by oxic brine conditions, and how corrosi on rates
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are influenced by temperature, can only be roughly estimated from the data

currently available. Such an estimate is presented in Figure A-3 using

information summarized in Table A-1 for a "Typical Nickel Alloy." The

procedure used to estimate the temperature dependency of brine corrosion

simply involved assuming that it would be similar to that observed for
corrosion in seawater; i.e., the r. vs 1/T slopes for brine and seawater

corrosion were assumed to be equal, The corrosion behavior observed for
commercially pure titanium in brine and seawater (Figure A-4) provided some

justification for making this assumption.

CONCLUSIONS

I) The presence of radiation should have lit'ie influence on the brine
corrosion behavior of the principal titanium alloy waste package
barrier candidate, TiCode-12.

2) A reasonable estimate of the general corrosion allowance for
TiCode-12 used in'a waste package designed for isolation in salt can
be obtained by reference to behavior in anoxic brine. The
temper ature dependency of TiCode-12 corrosion in anoxic brine in
the 343 to 523K range is given by:

XnR = f.n 0.216 - *
T

3) The superiority of any one nickel alloy for waste pack'age barrier
applications involving isolation in salt cannot be c leai ly
established on the basi s of'he available brine corrosion
i nf ormat i on.

4) Radiation will increase the rate of nickel alloy corrosion and may
cause localized attack in some cases.

5) A reasonable estimate of the general corrosion allowance for a
nickel alloy used in a waste package designed for isolation in salt
can be obt'ained by reference to behavior in oxic brine. A rough
estimate of the temperature dependency of nickel alloy corrosion in
oxic brine in the 363 to 523K range is given by:

2 nR - 2 n60-5300
T

*R = General Corrosion Rate (in./yr)
T = Absolute Temperature (Kelvin)
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APPENDIX B

ANALYSIS OF SPENT FUEL PACKAGE PARAMETERS AND COST

FOR THE VARIOUS DISASSEMBLY ALTERNATIVES CONSIDERED IN,-.THIS STUDY

In view of the fact that the cost of the titanium canisters and

Inconel liners were expected to represent a major cost considera'.ion in the

comparison of the spent fuel disassembly alternatives considered in this
study, a careful analysis of the package si ze was made for each alternative.
The smallest possible packa es which could be uti lized to adequately contain

the spent fuel and stabi li zej were established, thereby mi nimi zi ng the amount

and cost of titariium and Inconel required. A preliminary analysis ol'he cost
of each type of material composi ng the package indicated that ti tani um and

Inconel were by far the most expensive constituents of the package, and

therefore the titanium canister and Incouel liner were the principal items
of'onsideration,

A summary of the spent fuel packaging requirements for each

disassembly alternative which resulted from this analysis is set forth in

Table B-l.

Producers and fabricators of these materials were contacted to
obtain cost estimates of plate, pipe, and the fabricated canisters and liners.
The volumes of titanium and Inconel required by the packages were calcu1ated.
Because of the large si ze of the package and the number of packages requi red,

/8it was necessary to analyze the total amount of raw materials consumed fo~ the

repository and examine the impact of such consumption on the available natural

resources.

The prices obtained from producers and fabricators of titanium and

Inconel are described by the following sections and are presented in summary

form in Table B-2. ()
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TABLE B-l

SPENT FUEL PACKAGE PARAMETERS

Canister
Description

Ref erence Al t.. 1
End

Unmodified Fitting
Spent Fuel Removal

Al t. 2
Fission

Gas
Ventinq

Alt. 3 Al t. 4
Di s assembly

& Pin Shearing and
Stor age Immobilization

Outside Diameter (in.)

Wall Thickness (in.)

'ngth (in.)
PWR

BWR

14.0

0.25

171.8
188.0

14.0

0.25

164.7
173,5

14.0

0.25

14.5

0,25

164,7 163.5
173.5 172.3

9 5

0.25

159.8
177.8

Assembli es Contained
PWR

BWR

Heat Load/Canister (kW)
PWR

BNR

0.53
0.38

0.53
0.38

0.53
0.38

1.59
1,52

1.59
1.52

Number Canisters/yr.
PNR

BWR

L incr
Description

6,300
4,450

6,300
4,450

6,300 2,100
4,450 1,113

2,100
1,113

Liner Outside
Diameter (in.)

Wal;l, Thickness (in.)

Liner:Length (in.)
PNR

BWR

20.0

'32,4

248,6

20.0

225.3
234.1

20.0

225. 3
234.1

20.5

224.1
232,9

25.5

220.4
238.4

Excavation Required (ft, )
PNR

BNR

233.8
248,0

227. 5
235.3

227.5 231.4
235.3 239.4

280.8
,;300.9

Excavation Reduction from
Reference Process" Package
(ft ) PWR

8WR

6.3
12.7

6.3
12.7

2.4
8,6 "

-47.0
-52,9

Based on 0.53 kW/assembly PWR and 0.19 kW/assembly BWR.
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TABLE 8-2

SUM('IARY OF COST ESTIMATES FOR TITANIUM ANO INCONEL

Source ~AI I G Thickness(in)
'Aa erial Costs(plate) Fabr'.cation CostS
5/pou1G 5/f ta s/pouno >/t tu

Cs>ined later'.a. and
Fabrication Costs

N/pound s/t t>

T I tan l(gl
AS'tro

Yet a) lurgical Ti-5QA'/4 18.60 5,230

TI a11«n
lrdustries

T l.".ST

TICode-2

TiCode-12

I/4

I/4 12.22 3,434

39 10 11,000

Futura
Titani~(') TICode-12 I/4 19.60 5,500 20.50 5,750 40.10 11,250

Inc peel
hur t > n9 ton

A I I oys Inconel 600 6.25 3.310

Sill)la-..s I Co. Incone', 600 6.52 3.460

widland Steel( - lnconel 600 1.73 919

Yornostowr
ieldiro(e) . Inconel 600

3. w,. Tul I
(f) Incone1 5QQ 1

8.02

g.CQ

4,250

5,000

'or IC" 03 pipe.
Bas d on p ~ GCuC ion(b)
quantity.
I1c ludes «elding o1(c)

'ased on exper ience(d)

( ) Based Gn 20" QD,
8'f)-

'ased o1 average un
29- OD X 53" lorg).

of 2C" OD Canister, with 2 domed heads and a nozale. 9'n lergth. Quote rot available for bulk

ower end cap «ith top cap left loose. Based on average costs of several carister sizes.
fabriCating I" thiC'k StainleSS Steel.
I org sect. iGn 0 p tpe

i cos s o. various sizes of pipe ',?0" 03 X 170" Iorg. 23" OD X 16Q 'lo..g, 25" 00 X 50" lorg,
01it cost was no strorgly dependent G1 QD or length.



(1) Ti tanium

Although TiCode-12 was the titanium alloy under consideration,

quotes for TI-50A and TiCode-2 (a commercial grade TiCode) were included

for purposes of comparison.

(a) Astro Metallurgical estimated the cost per foot of 14-inch 00 pipe

of Ti-50A with a wall thickness of 0.25 inches to be $392.56/ft. A

one foot length of this pipe was c-lculated to contain 0,075 ft of

titanium. The resulting cost per unit volume was calculated to be

$5,230/ft . To arrive at the cost per pound, the value of3

$5,230/ft was divided by the density of titanium (281 lb/ft ),
resulting in a cost of $18.60/pound,

(b) Titanium Industries estimated the cost of a 9-foot long TiCode-2

canister with a wall thickness of 0.25 inches, which had been

produced previously at $ 13,000. This cost was divided by the

estimated volume of the ti tani um contai ned in the canister ( 1.182

fi ) to arrive~ at a unit cost of $11,000/ft . The cost per pound

was calculated by dividing the cost per cubic foot by the densi Ly of

titanium, resulting in a cos~ of $39.10/pound.

(c) TIMET supp 1 i ed the cost of 0.25-inch Ti Code-12 plate as

$12.22/pound. Multiplying by the density of titanium results in a

cost of $3,434/f t

(d) Futura Titanium provided the following formulas for use in

calculating the costs for material and fabrication for large

quantities of various sizes of TiCode-12 canisters:
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(i) For diameters greater than 12-inches and lengths between 120

and 180-inches:

Material cost in $ = 2d (I+1.25'
Where d = diameter in inches

E = length in inches, inc luding end caps

Labor Cost in $ = 25d + 34 X + 300

(ii) For diameters greater than 12-inches and lengths greater than

180-inches, the material cost formula is the same as in (i) and

labor is estimated as follows:

Labor Cost in $ = 25d + 34 2 + 400

(d) The cost per ubic foot was calculated by averaging the cost per

cubic f'oot of several different canister sizes. The costs per cubic

foot did not show a strong dependence on canister length or UD. The

average canister cost per cubic foot was calculated to be

$5,750/ft with a standard dev i ation of only $400/ft . It i s

therefore felt that the average value indicated in l'able B-2 is an

accurate representati,on of the unit cost of a typical canister . The

cost per pound was then calculated by dividing the cost per cubic

foot by the density of titanium.

(2) Inconel

The alloy under consideration for the package liner is Inconel 600.

The suppliers of Inconel who were contacted felt they -could meet the

projected annual demand for this project only with sufficient advance

planning. Many fabricators were contacted but most were unable to

fabricate large OD or 1 inch thick pipe wall. It appears likely that the

present fabrication capacity of Inconel pipe would have to be expanded to

meet the annual needs of the repository.
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(a) Huntington Alloys quoted 1-inch Inconel 600 plate at $6.25/pound.

Multiplying by the density of Inconel (530 pounds/ft ) results in a

cost of $3,310/ft,

(b) Wil 1 i ams and Company quoted I-inch Inconel 600 pl ate as

$6.52/pound. Multiplying by the density of Inconel results in a

cost of $3,460/f t .

(c) Because of the paucity of Inconel fabricators able to produce pipe

of the required OD and wall thickness, a steel fabricator (Midland

Steel) was contacted and provided an estimate of the cost of

fabricating a typical Inconel liner based on their experience with

stainless steel. Midland Steel estimates typical liner fabrication
to cost $8,580. Dividing by the average liner volume of 9,34 ft 3

results in a cost of $919/ft . Dividing by the density of Inconel

yields a cost per pound of $1.73/pound.

(d) Youngstown Welding stated that they were unable to fabricate pipe

with a I-inch wall thickness, but were able to quote the cost of

7/8-inch wall Inconel 600 pipe in eight foot lengths with a 20-inch

OD at $1,550/ft. The volume of a one-foot length of such pipe was

calculated to be 0.365 ft . Dividing the cost of one foot of pipe

by the volume thereof results in a cost per cubic foot of

$4,250/ft . Dividing the cost per cubic foot by the density yields
a cost per pound of $8,02/pound.

(e) J. M. Tull Metals contacted an Inconel fabricator who was able to

produce pipe of the requi red OD and thickness. SWEPCO provided

J. M. Tull with fabrication costs, and the cost of Inconel 600

plate was provided by Huntington Alloys. J. M. Tull then quoted

the cost of four different pipe sizes for purposes of comparison.

The cost of each pipe was divided by the calculated vo'lume of each

pipe; the four resulting costs per cubic foot were then averaged to

obtain a mean cost per cubic foot of approximately $5,000/ft , with3
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a standard deviation of $120/ft, The lowest individual cost per

cubic foot was $4,830/ft; the highest was $5,120/ft . Since the

variation in cost per cubic foot of each pipe was very small,

$5,000/ft was used as a typical cost for fabricated Inconel 600.3

pipe. The cost per pound was calculated by dividing the cost per

cubic foot by the density of Inconel, resulting in a cost per pound

of $9.40/pound.

Based on comparison of the quotes provided by the previously
discussed sources and the relevance of each quote to the specific spent fuel

package application, cost estimates for fabricated titanium and Inconel were

established for the purposes of this analysis.

The cost estimate provided„ „ by Futura Titanium for TiCode-12

canisters was chosen to be the most appropr iate. Costs for material and labor

for each cani ster si ze were calculated usi ng the equati ons provide~ by them to

give the total cost per canister. This result was increased by 20K to account

for the quality assurance requirements.

The cost estimate provided by J. M. Tull Metals for Inconel 600 pipe

was chosen as a basis for estimating the cost of tfii=--i-incr. .The cost per cubic

foot of $5,000/ft was increased by $400/ft to provide for the extra labor

necessary to form an ellipsoid end cap f'r the liner. The resulting total of

$5,400/ft was then increased by 20K for the quality assurance requirements to3

yield a final cost per cubic foot of $6,500/ft .

The volume and weight of titanium and Inconel contained in the waste

packages for the various spent fuel disassembly alternatives were determined,

as were the total annual requi rements for these materials ( at capaci ty

operati on of the repository) and the total requirements for these materials

over the lifetime of the repository operati on. The uni t costs for ti tani um

and .Inco-,.l were applied to each of these requirements and the differences in

costs for these materials between the vari ous disassembly alternatives wei e

calculated. The results of these calculations are set forth in Tables 8-3,
0

B-4 and B-5.
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TABLE B-3

SPENT FUEL PACKAGE REQUIREMENTS (INDIVIDUAL)

TiCode Canister

Reference Alt. 1
Cnd

Unmodified Fittinq
Spent Fuel Removal

Alt. 2 Alt .3 Alt. 4
F~ss on Disassembly

Gas 6 Pin Shearing and
Vent~in Storage Irmobilization

PWR

BWR

Volume of TiCode-12:
(ft,3/Canister)
Weight of TiCode-12
(lb.) ( p 281 lb/ft.3)
Cost/Canister (S)

PWR

BWR

Inc one I-L incr

1.08
1.18
303
332

14,830
16,25O

14,830
8,]30

Volume of Inconel Goo
(ft.3/Canister)
Height of Inconel 600
( lb/Liner) ( p 530 lb/ft.3)
Cost/Liner (S)

Liner Cost/Assembly
($/Assembly)

Liner Cost Reduction
From Reference Process ($ /Liner'

Liner Cost Reduction
From Reference Process ($ /Assembly)

PWR g.]]
BWR g.67
PHR 4,8)?8

'WR 5, 125

PWR 59,220
BWR 62,860
PHR 59,220
BWR 31,430
PWR

BWR

PWR

BWR

PWR

BWR

Canister Cost/Assembly ($ ) PWR

BWR

Canister Cost Reduction PWR

From Reference Process Canister($ /Canister) BHR

I'anister Cost Reduction PWR

From Reference Process Canister($ /Assembly) BWR

1.03
1.09
289
306

14,240
14,970
Ia,2no
7,490

590
1,280

590
640

8.87
9.17

4,701
4,860

57,660
59,GIO

."/,660
29 F 810

1,560
3,250
1,560
1,620

1.03
1.09
289
306

14,240
14,970
14',240
7,490

590
1,280

590
640

8.87
9.17

4,701
4,860

57,660
59,610
57,660
29,810
1,560
3)250

1,560
1,620

1.06
1.12
298
315

]n,noo
15,140
4,800
1,890

430
1,110

10,030
6,240

9.04
9.36

4,791
4,961

58 760
60,840
19)590
7,610

nfo
2,020

39,630
23,820

].a]
1.56
396
438

16,600
18,390

5,530
2,300
1,770

- 2,140

9,306)','L]30

11.]4
11.94
5,904
6,3?8

72,410
77,610
2a,lno
9,700

-13,190
-]n',75o

35,080
21,730

TOTALS

Canister and Liner
Cost (S)
Canister and Liner
Cost/Assembly ($ /Assembly)

Cost Reduction per Canister and
Liner from Reference Process
(S/Package)

Cost Reduction per Assembly from
Reference Process (5/Assembly)

PWR 74,050 71,900
BWR 79,110 74,580
PWR 74,050 71,900
BNR 39,560 37,300
PHR 2,150
BNR 4,530

PNR 2,150
BWR - 2,260

71,900
) 74,580

71,900
37,300
2,150
4,530

2,150
2r260

73,160
75,980
24,390
9,500

890
3,130

49,660
30,060

89,0]0
96)000

29,G70
12,000

-]n,gGO
-]6',egO

44,380
27)560
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TABLE B-4

SPENT FUEL PACKAGE REQUIREMENTS (ANNUAL)

Descriptiori

Ref erence

Unmodified
Spent Fuel

Alt, 1
End

Fitting
Removal

Alt. 2
Fission

Gas
Ventinq

,Alt. 3
Disassembly

L Pin
Storaqe

Alt. 4

Shearinq andi

Imobi li zation

TiCofe-12 volume/yr ~ 12,055
(ft. /yr.)

11,340 11,340 3,473 4,697

TiCode-12 weight/yr.
(millions of lb/yr .)

3.39 3.19 3.19 1.32

loco~el 600 volume/yr. 100,425
(« /yr )

96,688 96,688 29,402 36,683

Inconel 600 weight/yr.
(millions of lb/yr.)

53.2 51.2 51.2 15.6 19.4

TiCode and Inconel
cost/yr.

(millions of $ /yr.)

Annual Cost Reduction
From Peference Process

(million~ of $ /yr ~ )

819 785

34

785

34

238 294

'25

183



TABLE B-5

SPENT FUEL PACKAGE REOUIREMENTS (LIFE OF REPOSITOR~Y

Description

Reference

Unmodif i ed
Spent Fuel

Al t. 1
End

Fitting
Removal

Alt. 2
Fission

Gas
Venti~n

'(

Alt. 3 Al t. 4
Di sassemb ly

L Pin Shearing and
Storaqe Immobilization

T i Code-12 Volume
(thousands of ft.3)
TiCode-12 Weight
(millions of lb. )

Inconel 600 Volume
(thousands of ft.3)
Inconel 600 Weight
(millions of lb.)

204

57.3

1,702

902

192

54. G

1,638

868

192

54,0

1,638

58.G

16.5

49G

263

79.3

22.3

619

328

Total Excavation Required 43.7
(mi 1 1 i on s of f t.3)

Excavation Reduction from
Reference Process

(millions of ft.3)
T i Code and I neon el Cost 13.87
(billions of $ )

Cost Reduction from
Reference Process

(billions of $ )

42.0

1.7

13.29

0.58

42.0

1.7

13.29

0.58

12.7

31.0

4.02

9.85

15.6

28.1

4.96

8.91

(j

Based on 260,000 assemblies, 40K PWR (104,000) and GO@ BWR (156,000)
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APPENDIX 8 ,

ANALYSIS OF SPENT FUEL PACKAGE PARAMETERS AND COST

FOR THE VARIOUS DISASSEMBLY ALTERNATIVES CONSIDERED IN THIS STUDY
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APPENDIX C

METHODOLOGY FOR SYSTEMATIC COMPARISON
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APPENDIX C

METHODOLOGY FOR SYSl'EMATIC COMPARISON

Each alternative process has been evaluated with respect to the

Reference Process on the basis of technical assessmeni., operating assessment,

risk assessment, and economic assessment. In order to reach a clear relative
evaluation, these assessment areas have been weighted with respect to each

other. Further, where it was reason:'le to do so, .'the assessment area was

subdivided into sub-criteria and these sub-criteria were also weighted wi th

respect to each other. Finally, the alternative processes were rated with

respect to the Reference Process and a Figure of Merit for each process was

determi ned by the sum of products of weighting factor s and ratings.

It is the purpose of this appendix to def ine the subdivisions of the

assessment areas and to present the weighting factors. The next section wi 11

present the process ratings and Figure of Merit determination.

C. 1 ASSESSMENT CRITERIA

1'ableC-1 lists the four assessment areas and the subdivision of

each i nto individual cri teri a. The choic.. of the criteria in each area i s

briefly discussed below.

C. l. 1 Technical Assessment

Based on the process flowsheets and equipment layouts which have

been presented for each alternative and upon a comparison of the known

technology with that deemed to be'ecessary for reliable and safe operation,
the technological desirability of each process was evaluated. The subjects of

this evaluation included not only the state of knowledge of the prncess and

equipment but also the effectiveness of safeguards during processing and in

respect to the final waste form. ij

'C.l.2 Operating Assessment

Difficulty of operation of each spent fuel packaging facility and

of the repository for each alternative was determined basr i on process
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TABLE - C-1

CRITERIA FOR COMPARATIVE EVALUATION OF SPENT FUEL OISASSEMBLY ALTERNATIVES

FIGUk"c OF MERIT

A. Technica'1 Assessment

(1) Status of Process Technology

('} State of Oevelopment

(b) Time Required to Co. Piete

(2) Status of Equipment Oevelcpment
and Oe-.onstration

(a'; State o. Oevelopment

(b) Scale of Oemonstration

(c) Time Required To Complete
Oevelc —.ent and Devon-
s tfa 't I on

{3) Amount of Prior Experience

(4) Safeguards Effectivenes.

(a) Accessibility o'XH
(b) Oispersability

(c) Ease of Nuclear Haterial
Control and Accounting

8. Operatinq Assessment

(1) Process Complexity

(a) Number of Process Steps

(b) Ar4unt of internal Recycle

(c) Amount of Secondary Haste
t Of.-Gas Generation

(2) Equipment Rel i abi1 i ty

(a) Probability of Failure/
Haint. Requirements

(b) Process Latitudes

(c) Ease of Remote Haintenance

(3) quality
Assurance'a)

Controllability of Process

(b) Ease of Accomplishing O.A.

(4) Facility/Special Haterial Requirements

(a) Extent of Contamination u
Facilities

C. Risk Assessment

(1) Operator Exposur e

(2) Public Exposure

(3) Accident Potential

(a) Criticality
(b) Fire

(c) Explosion

(d) Natural Phenomena

(4) Occupatioral Safety

(5) Long Term Hazard

D. Economic Assessment

(1) Unit Cost

(5) Acceptability of Maste Form (b) Extent of Use of Yaterials
in Short Supply

(5) Haterial Handlirg

(a) Above Ground Operations

{b) Helen Ground Operations



complexity and equipment reliability. These attributes are particula'rly

important in operations which must be conducted remotely. In addition to

projected difficulty of operation, consi deration was also given to t'h

requirements for and ease of quality assurance. and to the need f'r special

facilities or materials.

C.1.3 Risk Assessment
',I

The risk assessment of each spent fuel disassembly alternative»as
evaluated primarily in connection with radiation exposure. Such exposure

includes both occupational exposure under routine and accident conditions and

non-occupational exposure due to possible off-site releases. Moreover, the

possibility of radiation exposure of future populat,ions as a result of naive

intrusion into the repository was subjected to comparative evaluation.

C .1.4 Economic Assessment

The unit cost of each spent fuel disposal alternative was

determined as a comparator of the alternatives.

C.2 WEIGHTING FACTORS

The hierarchy of weighting factors is i',lustrated in Tables C-2

through C-5. It will be noticed that the weighting factors for the four

assessment areas sum to unity; that the weighting factors for criteria in any

one assessment area sum to unity; and that, where sub-criteria are used, their
'eightingf~c'tors also sum to unity. The relative weights in each category

are thus easily compared.

Obviously, the assignment of weighting factors reflects a

particular point of view regardinq the relative importance of the various

crriteria. Of the assessment areas, the economic assessment is weighteu most

heavily. This results from the recognition that the cost considerations are

basic to any comparison of competing routes to a defined objective, and that

higher costs will reflect higher overall levels of operational complexity or

activity in each of the other assessment

areas'89
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TAB! E C-2

WEIGHTING FACTORS FOR ASSESSt1ENT AREAS

Technical Assessment

Operating Assessment

Risk Assessment

Economic Assessment

0.25
0.20

0.40
1.00

TABLE C-3

WEIGHTING FACTORS FOR TECHNICAL ASSESSt1ENT CRITERIA

1. Status of Process Technology

a) State of Development

b) Time Required to Complete Development.
'1

0.50
0.50

2.

3.

Status of Equipment Development and Demonstration

a) State of Development

b) Scale of Demonstration

c) Time Required to Complete Development and
Demonstration 'h,'/

Amount of Prior Experience

0.30

0.40

4. Safeguards i ~ uctiveness

a) Accessibility of SNH

b) Di sper;,ii>i li ty of SNii

c) Ease of Nuclear t1ateri al Control and
Accour>ting

0.4n
0.30

5. Acceptah!lily of Wast.e Form
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TABLE C-4

WEIGHTING FACTORS FOR OPERATING ASSESSMENT CR I TERIA

1. Process Complexi ty

a) Number of Process Steps

b) Amount of Internal Recycle

c) Amount of Secondary Wa .e and Off-Gas
Generation

0.30

0.30

2.

b)

c) Ease of Remote maintenance

Equipment Reliability
a) Probability of Failure/i4ai ntenance

Requirements

Process Latitudes
0.40
0.25
0.35

3. Qual i ty Assurance

a) Controllability of Process

b) Ease of Accomplishing Qi';,;1ity Assurance

0.55
0.45

4. F ac i 1 i ty/Speci a 1 Mater i a 1 R e'qui remen ts,
a),, Extent of Contamination of Facilities
b) Extent of Use of Materials in Short Supply

0.55
0 '5

5. Material Handling

a) Above Ground Handling
I')

Below Ground Handling

0.40
0.60

I.OO
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TABLE C-5

WEIGHTING FACTORS FOR RISK ASSESSMENT CRITERIA

1. Operator Exposure 0.25

2. Public Exposure 0.20

3. Accident Potential

a) Criticality
b) Fire

c) Sabotage

d) Natural Phenomena

0.30
0.25
0.25
0.20

0.25

4. Occupational Safety 0.15

5. Long Term Hazard 0.15
1.00

C.3 FIGURE OF MERIT COMPARISONS

The disassembly alternatives were rated with respect to the

Reference Process by assigning a rating of 5 to the Reference Process and

rating the alternatives on each criterion over a scale from 0 to 10

corresponding to unacceptable to very desirable. The assigned ratings as well

as the weighted ratings for the individual c"i teria are shown in Table C-6 .
On virtually all criteria with the exception of the use of materials in short

supply, material handling, and the unit cost of spent fuel disposal, to ~

alternative processes are equal to the Reference Process or less desirable.
The advantages accrue exclusively from the volume reduction of the spent fuel

package or the re$ uction in number of packages and the consequen~ more

efficient utilization of waste„package materials and repository volmie.

Thus, not only are the overall package costs substantially lower, especially

for Alternative 3 and 4, but the level of operational activity required to

emplace the waste packages is reduced.
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TABLE C-6

RATINGS OF DISASSE)lBLY ALTERNATIVES

End F It t lng F I so Ion Gas
Removal vent ing

Vcighted Uc> I%ted
Rating Rating Rating Rating

Di s as scmb I y
avd Pin

Rating Rating

She. Ing and
Immmil>h>t i.n

sri p)trd
Rating Rat in7

A. Technical Assessnrnt

(I) status of Prc<ess technology

(~ ) State nf Devctocient

(b) 'ime Required to Corplcte

45 .11 30 .08 40 .10 20 .05
45 .II 40 .10 40 .10 20 .05

(2)

(3)

Status of Equipment Development
and Dcmonstrction

(a) State of Development

(b) Scale of Demonstration

(c) Time Required To Co"piete
Development and Doxon-
stration

Amount of Prior Experience

5.0 .08
5.0 .08

4.0 .06
3.0 .04

4,0
4.0

.06 2.0

.06 1.5
.03
.02

5.0 .10 4.0 .08 4.0 .08 2.0 .OC

5.0 .25 3.0 ,15 3.5 .18 1.5 .08

(4) Safeguar ds Effectiveness

(a) Accessibility of SRq

(b) Dispersability

(c ) Ease of Nuclear Rater Ial
Control and Accounting

5.0 .10
5.0 .08

5.0 .08

5.0 .10
5.0 .08

c.a
5.0

.08 4.0 , .08

.C8 3.0 .04

.045.0 .08 4.0 .06 2.5

(5) .Acceptability of Vaste Form 5.0 .25 5.5 .28 5.0 .25 4.5 .22

8. Op ratinq Assessernt

Process Ctxxplextty

(a) Number of Process Steps

(b) Amount of Internal Recycle

(c) Amount of Secondary Paste
6 Off-Gas Generation

4.5 .07

5,0 .06

4.0 ,06
5.0 .06

3.5
5.0

.06 2.0

.06 c.s

4.5 .05 4.0 .05 4.0 .05 2.5

~03,,
.05

'03

(2) fquipment Reliability

(a) Probability of Failure/
Naint. Requirements

(b) Process Latitudes

(c) Ease of Remote Naintenance

4.5 .07

5.0 .G5

5.0 .07

3.5 „ .06
4.5 , ,04

4.0 .06

3.5
5.0
4.5

,06 2.0
.05 4.5
.06 3.0

.03

.04

.04

(3) Duality Assurance

( ~ ) Controllability of Process 5.0 .08

(b) EaSC Of ACCOmp',IShing O.A. 5.0 .07

.af 4.5 .o7 3.o
4.5 .06 4.5 .06 3.0

.05

.04

4.5 .10

5.5 .10

facility/Special Nater I al Requirements

( ~ ) Extent of Conta»nation of
f ac I I I t i es

(b) Extent of Use of materials
In Short Supply 55 .10 90 .16 85 ~ 5

4.0 .09 4.S .10 2.0 .OC

(S)

C. 8l s'k

Nateri al H andi ir g

(a) Above Ground Operations

(b) 8cixnv Ground Operations

Assessment

5,0 .10
5.0 .15

5.0 .10 7.0
5.0 , 15 9.0

.14 ?.0

.?7 9.0
.04

.27

(I)
t?)
(3)

(4)
(5)

Oper ~ tor
Exposurt'ublic

Exposure

Accident Potential

(a) Criticality
(b) F Ire

(c) Explosion

(d) Natural Phcnomr na

Occupational Safety

long lcrm Natard

S.O .19
S.Q .15

5.0 .06

5.0 .05
5.0 .05
5.0 .OC

4.5 Cp .10
5.0 .11

4.0 .)5 4.0
4.5 .14 5.0

.15 2.5 .10

.15 4.0 .I?

S.o .o6 4.5 .o5 c.o .oc
~ .5 .04 4.5 .04 4.0 .OC

5.0 .05 5.0 .05 4.0 .04
5.0 .04 5.0 ,04 4.5 .03
4.0 .09 4.5 .10 3.5 .08
5.0 .I) 5.0 .11 5.0 .Il

D, Econnmic Assrssmrnt

(I) Unit Cost 55 220 55 220 100 400 90 360
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A summary of the Figure of Mer it components by assessment areas is

given in Table C-7. On the basis of these sumned weighted ratings,, the

disassembly of the spent fuel and close packing of the fuel pins is the

preferred alternative.

TABLE C-7

FIGURE OF MERIT SUMMARY*

Assessment Unmodif i ed End Fitting
Area Spent Fuel Removal

Disassembly
Fission Gas and Ptn

Ventinq Storaqe
Shearing And

Immobi:lization

Techni cal

Oper ating
Risk

Economic

1.25(1) 1.24(2)
1.00(2) 0.97(3)
0.75(1) 0.75(1)

2.20(3)

.1.05(3)
0.90(4)
0.68(3)

2.20(3)

1.05(3)
1.1~1(1)
0.69(2)

"i'.00(1)

0.65(4)
6.81(~)
0.56(4)
3.60(2)

Figure
Of Merit 5.00(4) 5.16(3) 4.83(5) 6.88(1)
*The number in parentheses is the comparative ranking

5.62(2)

C.4 SENSITIVITY OF RATINGS

Because of the weight given to the economic assessment, it might be

construed that the rating was slanted to give preference to the lowest cost
al ternati ve. To test the vali di ty (or lack thereof ) of thi s hypothesi s, a

series of calculatidns were completed which used three different weightings

by assessment area, varying the relative weights assigned to economics and

safety/risk. These weightings are shown in Table C-B, C-g, and C-10.
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TABLE C-8

SENSITIVITY ANALYSIS NO. 1, WEIGHTING FACTORS

F OR ASS E SSME NT AR EAS

Technical Assessment

Operating Assessment

Risk Assessment

Economic Assessment

0.25
0.25
0.25
0.25
1.00

TABLE C-9

SENSITIVITY ANALYSIS NO. 2, WEIGHTING FACTORS

FOR ASSESSMENT AREAS

Technical Assessment

Operating Assessment

Risk Assessment

Economic Assessment

0.25
0.20
0,35
0.20

1.00

TABLE C-10

SENSITIVITY ANALYSIS NO. 3, WEIGHTING FACTORS

FOR ASSESSMENT AREAS

Technical Assessment

Operating Assessment

Risk Assessment

Fconomic Assessment

0.25
0.20
0.45
0.10
1.00
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The rating values from Table C-6 were kept constant and the Figure

of Merit derived from the weighed values in Tables C-8, C-9, and C-10 are

shown in Tables C-11, C->.2, and C-13. Alternative 3 remained the preferred

alternative in each or these analyses.

TA8LE C-ll
SENSITIVITY ANALYSIS NO. 1

FIGURE OF MERIT SUMMARY«

Disassembly
Assessment Unmodified End Fitting Fission Gas and Pi., Shearing and

Area Spent Fuel Removal Venting Storage Immobilization

Technical

Operating

Risk

Economic

1.25 ( I )

1.25(2)
1.25(l )

1.25(4)

1.24(2)
1.22(3)
1.24(2)
1.38(3)

1.05(3)
1.12(4)
1.12(4)
1.38(3)

,, 1.05(3)
1.44(1)
1.l6(3)
2.50(1)

0.65(4)
1.04(5)
0.93(5)
2.25(2)

Figure
Of Merit 5,00(3) 5.08(2) 4.67(5) 6.15(1)
«The number in parentheses is the comparative ranking

4.87(4)
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TABLE C-12

SENSITIVITY ANALYSIS No. 2

FIGURE OF MERIT SUMMARY*

Disassembly
Assessment Unmodified End Fitting Fission Gas and Pin Shearing and

Area Spent Fuel Removal Venting . Storaqe Immobilization

Te;hnical

Operating

Risk

Economic

1.25(l) 1.24(2)
1.00(2) 0.97(3)
1.75(l) 1.72(2)
1.00(4) 1.10(3)

1.05(3)
0.90(4)
1.57(4)
1.10(3)

1.05(3)
1.14(l)
1.61(3)
2.00(1)

0.65(4)
0.81(5)
1.30(5)
1.8O(2)

Figure
of Merit 5.00(3) 5.03(2) 4.62(4) 5.80(l)
*The number in parentheses is the comparative ranking

4.5((5)

TABLE C-13,

SENSITIVITY ANALYSIS NO. 3

FIGURE OF MERIT SUMMARY*

Assessment Unmodified End Fitting
Area Spent Fuel Removal

Oi sasse.:bly
Fission Gas and Pin Shearing and

Vent inq Storaqe Immobi l i z at--1 on

Technical

Operating

Risk

Economic

1.25(1 )

1.00(2)
2.25(1)
o.so(4)

1.24(2)
0.97(3)
2.22(2),
0.55(3)

1.05(3)
0.90(4)
2.01(4)
0.55(3)

1.05(3)
1.15(l)
2.08(3)
1.00(1)

0.65(4)
0.81(5)
1.68(5)
0.90(2)

Figure
Of Merit 5.00(2) 4.98(3) 4.51(4) 5.27(1)
«The number in parentheses is the comparative rank ing

4.o4(5)
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APPFNDIX D

EVALUATION OF FUEL PELLET DEGRADATION MECHANISMS

(Quoted in its entirety from Appendix A

to Hanford Engineering Development Laboratory

Report TC-1913,

ASSESSMENT OF SPENT FUEL WASTE FORN/STABILIZER

ALTERNATIVE FOR GEOLOGIC DISPOSAL, April 1981)
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APPENDIX 0

EVALUATION OF FUEL PELLET DEGRADATION MECHANISMS

i!

CHEMICAL CHANGES IN THE FUEL

Previous studies (DI,D2) of possible mechanisms or fuel deg! adation
I

have not been able to identify any chemical mechanisms ,which coii1d cause

significant degradation of the fuel material as long aS the cladding i;emains

intact. It is expected that chemical compounds formed during irr'adiation will
remain essentially unchanged,.at the much lower temperatures in popl sto! age or

repository.

The only effect which would be expected to alter the chemical state
significantly over a period of time is the decay cf fission products into
other chq(iic)gl species. It is evident from tiie rapid deci. ease in "decay heat

during th'e f irst few years (D3) that mucii of the degradation from this soui.ce

would occur dur'i'rg the initial cooli!ig period due to ri lat.ively shor t.-lived
radionuclides. fletallographic examinations ot ntact sperit fuel after up to
'.1 years of pool storaqe have disrlosed no noticeable deqr.adation of the fuel

(D4,D5). Damage in a repository (after pool storage) would have to be due to
the daughters of long-liv d radionuclides. The quantities of such 'ission
products are generally small and they tend to decay into chemically similar
elements (DG). Most fission products, being neutron rich, decay,. by

p emission thereby inc! easing their atomic number by one. Thus, for the most

par t,
O

a) Oxide former'~ decay into oxide formers

b) Noble metals decay into other noble metals

c) Reactive metals decay into other reactive metals
(

Exceptions to this are decays involving the inert gases.

85, P 85
10.76 y

Rb

and

12gl I'2g
1.7 x10y

Based on half-life considerations, only the decay of Kr is of any concern.85
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Probably the ioost important exception to the above ar gument is "
137

Cs which decays to stable Ba with a half-life of 30 years. Cesium is137

monovalent while bar ium is divalent indicating th'at thi s process wi 11 have a

chemical effect since there is a high in-reactor yield of the highly mobile Cs
j. nuclide. For example, if Cs is present as Csl, the expected change will be

2 CsI —BaI + Ba. The free Ba will remain as a metal or act as a getter for2 "I37nxygen or any other available atom. In ten year old fuel, 's is present, at
a concentration of about 015 a'om percent of heavy metal in P'B fuel
irradi ated to 30„'000 MWD/MTU and about 0.10 atom percent in BWR fuel
irradiated to 20,000 MWD/MTU (DB)-, This may increase near the pelle; outa~

surface (09 ) since cesium;, tends to migrate down the temperature gradient .
Essentially all of the Cs initially present will decay, to barium during the'37

.. 1,000 year thermal period and the magnitude of the effec'f, as a fuel
degradation mechanism i,"<unclear. It should be noted, however, that about 21

137percent of the Cs initially present de 'ays during the f irst 10 yea~s of
,pool storage, and, as previpusiy mentioned, examinations have disc lnsed no

evidence of change indicatj,ng that the effect is probably minor. These

metal logi aphic exami nati ons, however, wer~~ directed mainly at investigation
of cladding degradation. More deta'iled experimental studies of spent fuel
are, therefore, needed in order to reliably assess chemical changes, if any,

ii
which are occurring in spent fuel.

B. VOLATILE FISSION PRODUCT MIGRATION

Sionificant migration of volatile fission products within the fuel
could cause a decrease in resistance of the fuel to attack by a leachant if
the volatiles. accumulate near the outer edge of the fuel. Qigration of
volatile fission products- as a function of temperature was extensively
investigated by Cuoicciotti (D9,DIO) who found that migration rates were

0
extremely sensitive to temoerature. He deduced the existence of a threshold
for migration of volatile solids at a fuel:center temperature of 1000C, and

reported a"threshold for release from the fuel at a centerline temperature of
approximately '1400C. Behavior of the volatile fission products as a fu:ction
of burnup and fuel center temperature is shown schematically in Figure 01
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(from reference D9). The reason fur the sensitivity of migration rate to

temperature can be appreciated by examining Figure 02, which shows

approximate vapor pressure as a function of temperature for the important

group of volatile solid fission products including Csl, RbI, CsBr, RbBr,

Cs2Te, and Cs Se. As can be seen,. the vapor pressure rapidly becomes

vanishingly small at temperatures much below 1000C. The vapor pressure at

400C is about 6-1/2 orders of magnitude below that at the redistribution

threshold which, along with the relatively insignificant temperature gradient

across the fuel in repository (see Section E), renders vapor transport of

these volatile fission products virtually inoperative.

C. GAS DIFFUSION

The principal fission gases produced in LNR fuel are Kr and Xe with

Xe predominating at about 90 atom percent of gas produced (D8). These gases

are produced in the fuel matrix duri ng in-core irradiation and at temperatures

above about half the absolute melting temperature begin to form gaseous

precipitates (D12). These precipitates contain a few to several hundred

vacancies per gas atom. They tend to grow into bubbles by collecting

additional gas atoms and vacancies, but can also be destroyed by a thermal

spike from a nearby fission event. An equilibrium condition is established

between gas in-bubbles and in-solution within the fuel grain (013,014,015).
Baker (016) calculated the fraction of total gas generated residing in the

intragranual bubbles by measuri ng bubble di ameters and densities in fuel

between 950C and 1800C. Results indicated the fraction of gas in

intragranular bubbles to be about 20 percent up to 1400C and then increasing

to about 40 percent above 1600C. The gas in solution diffuses to form hubbles

at the grain boundaries which gradually i ncrease in size and density unti 1

interconnection occurs and gas begins venting to the free volume of the pin.

This interconnection of intergranular porosity by means of grain-edge

tunnels is usually well developed at less than 1 atom percent burnup

(09,017,018,019) .
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Although gas diffusion wil'I be a slo~i proc'(ht the relatively low

temperatures expected in a repository, it is expected that some gas will

diffuse out of the grains over a long period of time and could conceivably

accumulate at any unvented intergranular porosity possibly leading to

weakening of the grain boundaries.
'i~.

Diffusion of xenon out of si ntered U02 at low temperatures has been

experimentally studied by Taketani and Ikawa between 400C and 800C (020).
They found the effective diffusion coefficient t'o undergo a transition at

about 600C as shown in Figure D3. Below the transi ti on temperature effective
diffusion coefficient can be represented by:

0(m2) 2 54 x >0-22 4.003 x 103 [I)
P T(K

This diffusion coefficient has been used in our assessmcnt since it is a

conservative upper bound on the data extrapolated from higher temperature

measurements Cg (see Figure D3). Extrapolating to repository temperatures

produces very low estimates for the diffusion coeffici ent as shown in
I 'I

Figure D4.

Total gas release fractions have been estimated for an equivalent

spherical grain after 1,000 years at various constant temperatures. The

calculations were based on simple diffusion of the gas in solution in the

grain and took no credit for the p. esence of intr agranular bubbles as trapping

centers. A fundamental mode concentration profile within the grain was

assumed at the beginning of the repository period, and the grain surface was

conservatively assumed to be a perfect sink. The resulting release fraction
estimates are shown in Figure 05 for the typical r ange of grai n sizes in LWR

Fuel (013). As would be expected, the release fraction increases very rapidly

above 500C, and after 1,000 years at 800C, nearly all the gas has ei ther left
solution, or reached equi librium with the internal pressure of the'in, It
should be.'oted that the temperatures shown in Figure D5 are assumed to be

constant over the thermal period (first 1,000 years).
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D. RADIATION DAMAGE

The effects of radiation damage in single crystal U02 (analogous to
individual grains) at low temperatures (less than 400C) and relatively high

exposures were investigated by Bates, et al (021). They found UO to be

extremely resistant to radiation damage with a total exposure of
1.44 x 10 f/cm producing a lattice strai n of about 0.024 percent and only
"subtle and minute" changes in microstructure along with some hardening. This

exposure is equivalent to a total energy deposition of about 4.6 x 10 J/cm
9 3

compared to a conservatively estimated deposition rate of about

3.2 x 10 J/cm per year for typical PWR fuel only one year old (D3),
According to lower exposure data reviewed by Lustman, (022) the lattice strain
appears to pass through a maximum of about 0.16 percent at an exposure of
about 5 x 10 f/cm with the damage annealing out abo ie this exposure

(021,022). The maximum lattice strain of 0.16 percent is comparable to the
effect of a solution of about 7 percent Th02 indicating that the changes in

observed properti es would be expected to be minor and, in addi ti on, appear to
anneal rapidly at temperatures above 200C (D22,D23). These data are based on

irradiation of U02 ,'n a reactor at low temperatures. Most of the damage is
due to fission fragments which are much more disruptive than, for example,
atom recoi 1 or alpha emission processes. Damage associated with in reactor,
low temperature i rradi ati on can therefore be considered an upper limit on the

damage due to the less disruptive processes associ ated with radi oactive
decay, The U02 structure is, therefore, not expected to change signif icantly
due to self-radi ation while in repository.

THERMAL AND MECHANICAL FRAGMENTATION

Fragmentation of the fuel beyond the extent existing at end of
irradiation would have the effects of increasing the surface area available to
a leachant'and providing access to previously isolated fission product phases
within the fuel.
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The total fuel pellet centerline to surface temperature drop was

calculated for typical LWR fuel as a function of fuel age and temperature
,', using power levels and fuel thermal conductivi ties shown in Tables Dl and 02

assuming a pellet radius of 0.5 cm (D24), The result',ng temperature drops are
very small even for freshly irradiated fue'I as shown in Figure 06. A thermal

stress analysis by Bosi (026) indicates the minimum temperature drop to
fracture an intact pellet (worst case) to be approximately 66C. The thermal

stresses due to shocks and gradients a> e far more severe during reactor
transients and shutdown (when the fuel actually fragments) than during time in

pvol storage or repository. The fuel is, therefore, not expected to suffer
any additional fragmentation due to thermal effects during geologic
disposal.

The possibility of fuel degradation due to mechanical shock during
handling and geologic disposal was assessed by Bosi (D26). He considered a

peak transportation shock loading to consist of a half sine wave pulse with
a duration ot 0.059 msec peaking at 2.9 g acceleration (D27), Application
of this loading to intact pellets (worst case) in cladding produced contact
stresses of approximately 1317 psi and 1390 psi for PWR and BWR fuel,
respectively, which are well below the fracture strength of approximateiy
11.5 ksi at zero degree Celsius, Since for closely fitting nested cylinders
the contact stress varies with the <pplied force to the 1/2 power (D28), it
would require about 68 times the postulated maximum loading to fracture a
pellet.

In order to determine the seismic loading force, Bosi (026)
-"l

surveyed the data on siesmicity in deep geologic formations and adopted a

peak acceleration of 0.25 g with a frequency of 3 Hz based on a Mercalli
intensity of 7.5 and a mean distance from the causi tive fault of 15 miles.
Since expected seismic shock loadings are far less than those due to
handling and transportation (barring physical disruption of the pin) further
fracturing of the fuel due to seismic effects is not expected.
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TA8LE 01

DECAY POWER FOR PWR FUE~L3.3X ENRICHED, 37.3 fdW/f1TU, 33 ffWD/kgU) (D3)

FUEL AGE DECAY POWER (kW/t1TU) HEAT SOURCE fa 92K TD (w/cm )

10d

180d

lyr

5yr

10yr

87

19

11
"2

1

0.88
0,19
0.11
0.02
0.01

TA8LE D2

THERMAL CONDUCTIVITY OF U02AT 92K T.D.(025)

Temperature C

50

100

200

300

400

500

600

700

800

900

1000

k (w/cm C)

0.070
0.064
0,055

0.048
0.043
0,039
0.035
0.032
0.030
0.028
0.026
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APPENDIX E

ANALYSIS OF PACKAGE PARAt4ETE;S AND COST OF REFERENCE PPOCESS

INCREASED C,'i<iI STER LOADING

The'economic analyses of the Reference Process nd the aIternatives
revealed tha() a high per.centage of the cost was due to the package costs,
specifically 'the titanium and Inconel requirement, giving 'i1ternatives 3 and

4 significant advantage. Additionally, .the opei ating assessment showed

considerable advantage for Alternative 3 because of the reduced number of

packages for handling and'emplacement following canister irg. An analysis was

done of the incremental package costs conside!.ing the P efe~ ence Pi ncess

(unmodified spent fuel) loaded at the same fuel volume per cani ster as

Alternative 3.

In o!.der to accon!modate 3 PhR assemblies or 8 B'~R assemblies in one

canister, it was determined that a canister of 24.25 inches outside diamete~

would be required. This is outside the bounds of the maximum lG-inch diameter

canister specified for this study. The operating impacts of the lar'ger

diameter canister were not assessed. However, if it proved feasib!e f!.om an

operational viewpoint,'increased canister loading would have the advantage of

decreasing the package costs per assembly by $36,610 and 524,530 for P'i'nd
BNi loadings, respectively. Over the life of the repository, the reduction in

packaging cost over the Reference Process would be $7.64 Lillion.

The following Tables E-1 through E-4 show the quantities and costs
of package requirements for increased loading of the Reference Process
canister.
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TABLE E 1

SPENT FUEL PACKAGE PARAMETERS

Canister Description

Outside Diameter (in.)
Wall Thickness (in.)
Length (in.)
Assemblies Contained

Heat Load/Canister (kW)

Number Canisters/yr

Package Description

Liner Outside Diameter (in.)
Wall Thickness (in,)
Liner Length (in.)
Excavation Required (ft )

Size Reduction from
Reference Process Package (ft )

PWR

24.25

0.25
176.9

3

1.59
2,100

30.25

237.5

356.6

-122.8

BWR

24. 25

0.25
193.1

8

1.52
1,113

30.25

1

253.7

378.3

-130 .3
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TABLE E-'2

SPENT FUEL PACKAGE REQUIREMENTS (INDIVIDUAL)

Description

TiCode Canister

Volume of TiCode-12
(ft3/canister)
Weight of TiCode-12 (lb)
Cost/Canister ($)

Canister Cost/Assembly ($ )

Canister Cost Reduction from
Reference Process Canister ($/canister)
Canister Cost Reduction from
Reference Process Canister ($/assemb'ly)

Inconel Liner

Volume of Inconel 600
( f t3/cani ster )

-. We i gh t of Inc one l 600
(lb/li ner)

Cost/Liner ($ )

Liner Cost/Assembly ($ )

Liner Cost Reduction from
Reference Process ($/liner)
L incr Cost Reduc ti on ~'from

Reference Process ($/assembly)

Totals

Canister and Liner Cost ($ )

Canist r and Liner Cost/Assembly
($/assembly)

(j[
Cost Reduc ti on per Can i ster and
Liner from Reference Process ($/package)

Cost R educ t i on per Ass emb ly f rom
Reference Process ($/assembly)

PWR

1.95

548

20,930

6,980
-6,100

7,850

14.06

7,452

91,390
30,460

-32,170

28,760

112,320

37,440

-38„270

36,610

Bh'R

2. 12

596

22,850

2,860
-6,600

5,270

14 ~ 92

7,908

96,980
12,120

-34,120

19,310

119,830

14,980

-40,7 20

24,580
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flDC INSTITUT FUER REAKTORFORSCHI�JN-
GSWI�TZE�RLA

BIBL IO I I I I.k
flECTRIC POWER RESEARCH INSTITUTE

Clthlh1 Bkhl)N
ELEKTRIZITAETS-GES. LAUFENBURC-

SW I TZ E R
' ND

I I. N. Ph thk
ELSAM ~ DENMARK

h. V. JOSI II

hkNL Pl[)tkSIN
ENERCOR INC

IOI IN RODOSEVICI I

ENERGY FUf LS NUCLEAk INC

G[ORCi[ h. JONI 5

DON M. PILLMOki
fNERGY RESEARCH CROUP INC

hIARC GOI 135h IIII I

ENGINEERS tNTERNATJONAL INC
V. RAJARAM

ENVIROLOCIC SYSTEMS INC

Jlht V. kOUSJ.
ENVIRONMENT CANADA

CLAUDL BARRAUI3

ENVIRONMENTAL POLICY INSTITU1E
DAVID M, Bf,RICK

ENVIROSPHERE COMPANY
ROC[ R G. ANDikSON
K. I. LIND.I IOW[.

EXXON NUCLEAR IDAHO COMPANY INC
Nh[HAN h. CJJJPMAN

ROC[R N. I IENRY

GARY WAYMlk[
FEiVIX Bi SCISSON INC

JOSE A. MACI IADO
CI lhkLLNf. U. SPhkkhthN

FERRIS STATE COLI.EGE
MICI IAI L [., [LLS

FI.ORIDA DEPT OF ENVIRONMENTAL

REGULATION
HAMJI.TON OV[N

FLORIDA INSTITUTE OF TECHNOLOGY
JOSE VI I h. Ahr(i[LO, JR.

fLORIDA POWER B LIGHT COMPANY
JAMES R. TOMONTO

FI.ORIDA STATE UNIVERSITY

JOSEPH 1.DONOGI IU[

[LUOR ENGINEERS 8 CONSTRUCTORS INC
VINCEh,T J. KAVLICK

It<OMAS 0. MALLON[[., JR.
AI3[LL PITTS

FORD, BACON B DAVIS INC

KOIJFRT D. BAIRD

ROBER I 1. OVE RMY[R

BLJkTON J. TI 1AM[k
FOSTER-MILLf R ASSOCIATES INC

NORB[kT PARS

FOUR CORNERS COMMUNITY MENTAL

HEALTH CENTER

BOB GR[tNB[RG
FREIE UNIVERSITAET BERLIN

I IANSKARL BRU[I II

FRIENDS OF THE EARTH

Ciok DON hND[kSON
IfhiN BROCkll BANk

klNtl PARSONS

FUTURE RESOURCES ASSOCIATES INC.
k()kt R I J. IJ()l)NI I/

FW ENERGY APPI.ICATIONS INC
O. Ilhkkhl I

CARI[ BETTS BURTON MEMORIAL llkkhRY
GENERAL ATONIC COMPANY

k()ill k1 ht. Bl'k(i()) NI

htlol lhl I Slhhthll I h l()S
G[NFKAL COURT OF MASSACHUSETTS

I IXI()I I IY I, Ill,kkl
GEO/RESOURCE CONSULTANTS INC

hl VIN k. IOI . Ik.
GEOLOGICAL 5URVLY OF NORWAY

Sl(i()k I) I ll) Sl B)
G[OR(ilh INSTITUTE Of TfCtlNOIOL,'V

hltt VIN W, <'hk ilk
('l()l I kl ) (i. I I( I II t()l /
hl I kl I) 'I( I INI II)I P.

('lthkt IS I Wlhtt k
GEOSIOCK - FRANCE

k. Bhkl Ilk
GEOTECHNICAL ENGINEERS INC

k()Nhl I) ('. IIIKSCJ II I I I)
GEOTHfRMAL ENERGY INSTITLJT[

I)ONAI I) I, )L. I INV

fiEOTRANS

JAMI S Mi i(CI k
(ifSELLSCHAFT F. STR~HLEN U.

UMWELTFORSCHUNG M.B.H. ~ W.
GERMAN"

W()l i <ihN(i IJOI)l
I IANS W, I I",I
II. hto(l k

GILBERT/COMMONWE ALTII

IIKKY I. I I I I!I

COLDER ASSOCIATES
l)ONhl I) hl ( All)WI I I

htl I ISSA hthISON
J. W. V()SS

GolDER ASSOCIATES ~ CANADA
(.'I lhtl!i,'hl. h. Yl'IN

GRAND COUNTY HIGH SCHOOI. LIBRARY

GRAND COUN[V PUBL<C LIBRARY
GRAND JUNCTION SENTINEL

(ihk) 5('I lhtl I/
GREAT LAKES 1NVIORMENTAL STUDY

CENTERS
I)Ol)oiLAS k. /()LI O

G RIM CO

13ONAI I) I I. Kl)PI I'k

GSE NUCLEAR

htOtlSLN NIKOOhIAND-Rho
GTC GEOLOGIC TESTING CONSULTANTS LTD ~

CANADA

JOIIN I . VICKI NS

GULF INTERSTATE fNGINEERING
TIIOMAS t. IIJLL

GULF STATES UTIUTIES COMPANY
[.LINN Dk> "[R

GUSTA VSON ASSOCIATES
RICI IhkD M, YVINhk

H ttr R TECHNICAI A55OCIATES INC
Wll.(IAM k. Rt IYNI

H-TLCH LABORATORIES INC
kkl)('I JIARI I NBA()h'I

HAHN-MEITNf R.INSTITUT fl)R
KERNFORKHUNG BERLIN

kl hl)S I Chhk I hth ASS

HALEY AND ALDRICH INC
IANI(' I ll(il I I

HAMIlTON CO(lfCE
I).SVII) k. 'Ihtl II I

HANf OkD f NGINEE RING DEVE LOPMf NT

LABORA[okY
k()lllkl IIN/. ittt
R. I khl('III
W, I. K<)hkl

HARVARD (JNIVERSIIY
( I lhkl IS IY ill,khl lhht
k h Y S1( )h I ) II I I Y I k

HAT[lfSBURG PUBLIC lIBRARY
HIGH COUNTRY CITIIINS ALLIANCE

I)ON 1th('I lhthN
IIIGII PLAINS UNDERGROUND YVA[fR

015'IRICT
Ik<)Y Sl)III I I I

IIIGtl PlAINS WA[fk DISTRICT
l)()N hl< kl )hr<)l l)S
l)()N I). Shtl I I I

HITACltl WORKS, HITACHI LTD
hlhkO I() ktk(i('I ll

HOUGtl-NokWOOD HEALTlt CAkf CENTfk
(il ()k<it li. Ilk()YVN, ht,l).

ILLINOIS DFPT OF NUCLEAR SAFE IY
Sttl l()N /l)kOk

ILLINOIS STAT[ GEOLOGICAL SURS EY

kl k()S ('hk IWkl(it I I

ht()kklS (V. I I l(it ll()iN
IMPERIAL COI.LECE OF SCIENCE AND

TECHNOLOGY ~ fNCi[ AND

Il h, hlklNS<)N
INDIANA G[OLOGICAL SURVEY

,SIA I 'k I( I ill(i(is
INSTITU[ [UR Tlf[LAGERUNG ~ W. GERMANY

IYI kN I llkl SKI I/
I I. ('ll!I
kl hlrS kl tlN

I. k..'iol II k
INSTITU1E FOR CHEMICAL TECHNOLO4Y - W.

GF.RMANY

kl lhl lhkt) Ol)OJ
INSTITU1[ Of PLASMA PHYSICS

lt. rShthNO

INTER/FACE ASSOCIATES INC
k()N (ilh<it kt('l l

IN[[ RA ENVIRONMENTAL CONSULTANTS INC
I I I'I hkS()V, Jk

I hkk) kt( I I K ISIN
k()lllkl WJI ISIS

INTE RMOLNTAIN RADIO NETWORK

I kl I) S( I IXI hl '('k
INTERNATIONAL ATOMIC ENERGY AGENCY-

AUSTRIA

I RANk h, Ol lrtkrt
INTERNATIONAL ENERGY ASSOCIATES LTD

Bl, Y ll JI k, I YONS

INTERNATIONAL ENGINEERING COMPANY
INC

Mhh /rSSIAYYSKY

INTERNATIONAL RESEARCH AND

fVALUATION

k. D SNI OKI3

INTERNATIONAL SALT COMPANY
I I (VIS P, IJL)SI I

IOWA STATE UNIVERSITY

hthk [IN ('. t Ol'I SON
ltt kNrtkD J. SPINkhl)
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IRT CORP

I !ltokl 'I

ISMES ~ ITALY

I. (ilk h

J.L. MAGRUDEk IL ASSOC<ATES

I I SI L(ikl l)[K
JACKSON STATF, UNIVERSITY

I S[1 S Shll [II
JACKSON. GEORGE REGIONAL LIBRARY

JACOBY ti COMPANY
< I I LK[ I S II, lh( (>NL

JAY L. ShllfH COMPANY INC

I L'I I SSII it l

JC>C CORPORATION - JAPAN
SI LS Ll llko!Ll IIL,IN()

JOHNS HOPKINS UNIVERSITY

I Lkl ) I ( ()ll(>N
JOIN'I STLIDY Coh1M[fTff ON ENf RGY

I W II)W hRI)S Ik.
JONts COUNTY JUNIOR CO[I EGF LIBRARY

KAISEk fNGINE[kS INC
W I [)()[)Il()N
II I 1111th

Kh[hhthloo COL[fGE
k LI VI I SL l)t Ll

IL'ANSAS DEPT OF HEALTH AND

f NVIRONMfN1
( I k>LI I) W LI I IN

KANS>LS STAFF GfOLOGICAL SURVf Y

Wll I lhhl LL'l Lhllll I t()V
KARNBRA Vs[[SAKE Rttf T - Swf Df N

I LRS,I. VII SS()N
Kcpx KAD[o

I<)l I I I

Kf[tfk wkfhul nssoclhfts
I k Lhk W kl All I

KERNFORSCHUNGSPF N IRUM RAN[SR UH[
C;MBtt - w. GtkhtnNY

I) ( I ()'S
k()l hit k

K[RNFOKSCIIUNGSEENTRUM UND
UNIVE RSI TAT

(1[kll Lkl> <>Vt>k 1( Ik
KlfkSCtl ASSOC.[ATE S

(if OSCIf NC[S/kf SOUkCF 5 CONSUl1 ANTS
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( l()N(it 1 kit kS< I I I'I II>

KIHN ASSOC Ihf fs
I I LKKL klilh

K[hl f NGINEf RING
INC'I

<1[( >k<1[ khl L/ILLA' /
KOk[A INSTIT UTC OF fNf RCi Y AND

NESOURCF S (RIEN)

( I I()() Sl < 'V<> I ILL hh
( I «)h<,'! klSI

[<el .f
1'.(>

ll(>X '>s>5'i

KSOP RADIO
I >I('l. I 1( C>IISI N

KURA

I I S I I I:;< > I I

KUTA kADIO
KUTV-TV

k()l) l)f('kl k
KUTI.-TV N[LVSWATCH 2

SII( t I LI I « )I I)l I lh
KYOTO UNIVf'kSITY - jAPAN

I Dkl I I kl 'N( >I I

LAKI SUPERIOR kf CION RADIOACTIVE
WASTE PROJ[C"I

( [>IX<>N

LAWRENCE BFNKFIFY LABORATOkY

10>IN h, >LPPS

I I (I[ Nl HINNA[ I

hl S klNG>
('I IIN I 1 'SAN(1
I. 'lL'h(i

LAWRE NCE LIVE RMORE NATIONAL
IABORATORY

ILND< V II. Ilnl l()l
l)nl I I (.

Ill�'N(i

ION L 'I'I t)I[)LXI I I

I ll (ill I lt nkt)
[)()V LI I) I) I L( ILSDN

I I IDAI LII I hl('k(>NI
LLII I I LSI I. ()('<>NNI I I

I LW Kl h( I I). k LKISI'C) I I <!I

Sl IC lltfi
I I < I IVI('l IV[()Khlh it()N III I'Lk [hit NI

I

kl( I lhki) L LV k()!,>KI N[II k(i
Jl SSI I 'I < >LL !k

tf IIIGII UNIVf RSITY

I) N SISII>SC)h

IIBRAkY Of MICtllGAN
KI( I I Lk[ l I I I L I I I LLL M

lOCKH[ll) FNGINffRING tt h<ANAGEMCNT
COMPANY

Sll L[ Vh( I I I

lOS AlAhlos NA [[DNAL LABORATORY
I' III 'SS< >I INI

I> <,, l(>hll k, IK

LL 1'I hi k I lhhkl N

( I Ll I)l I II NNI( k
LL ( SILIKII
k k. S Pll I h)
k()III K I I NII( hik

LOS A[AMOS TECHNICAL ASSOCIATES INC
K. I kIN(iS[li.'k>

I OUISIANA DEPT OF NATURAL RESOURCES
II Jlhl i <)k II K

LOU[sfhNA DEPT OF TRANSPokfATION tt
Df VELOPM f NT

<il()k<;I II, ( khhll k, II

Louls[ANA cfoloclcn[ suRVEY
I I < i< I Y k()()NI Y All I IN

kl h'LL I( k IL l)l Vll I I

SYI I) I I L(gl:I
I OUISIANA STATE UN[VERS[ f Y

IIMh'III I I. I I()()VI N

J()S[ I'I I I>II)ll k hlhk I IN[ /
LOUISIANA TECHNICAI. UNIVf ks[T Y

I lllk/I k'I'.

I I. [I l()h'll'Sl)N
LDWENHERG ASSOCIATES

I I()All k I ()'LVI Nil[ K(1

LUHBOCK COUNTY SOll AND 'LVATEk

CONSEkVATION DISTRICT
l)<)N I AN()l()N

M,J. OCONNOR tL ASSOCIATES LTD
hI I. ()( ()NN()k

Mh[Nf BUREAU OF HEALTtl
l)()N LI I) ( . I I()XII

MAkTIN MAklF TTA AfkoSPACE - DENVEk
DIVISION

kl( I lhkl) ll[SS[(i(>l k
MARYLAND D[PT Of HfALTH ti MENTAL

H YGIENE

MAL I IS[ hilt k(i
MASSACHUSETTS DEPT Of ENVIRONMENTAL

QUALITY ENGINEERING
J()S[ I'l l h. SINN() I I

MnssnCHUSFTTS HOUSE OF
REPRE SENTATIVCS

LL II I I/ISI k()lllhS()V

MhsshcHusfrrs [Nsrfrurf of
TECHNOLOGY

JOHN D[U[C>l
1[D CiRI [NWOOI)
RICIIAND k I I Silk
hlh R'St lh 1[V I VI

MCDERMATT INTERNATIONAL
knRfhl t. IURIOW

MCMASTf R UNIVERSITY ~ CANADA
I. '1'V stlfhlll I

MELLEN GEOLOGICAL ASSOCIATES INC
Iku)I RIG f. Ml I [fN

MEMBERS OF TITE GENERAL PUBLIC
I . k()kf k 1

ENNUI

RS()N
kllR I HA[ I INCi

Bk[ I BI OSSI k
lhhli S BOL I)
I IIOSI>LS (i. Bk>LI)l oko
ko(i>t k II. HkO()KS
Hkl ('I h. HY[ kS
I lh/I I C'I tnt>hlnN, Pl I.I>,
I nwkt NC'I C I IASt. I'I I.D.
loki h S<'SAN ('I A'LVS()N

!>If Vl ('()Nt LVAY

hlhkSI lhl I ('kohlLV[l I

hl Vnl l)nl ION
kt Nhf It I IL n[l(. I h'I. I)kC)(i[N
KOIIIRI [)I'i>lk
( tlnkl I S S. I)l INN

Jl niN I AN[)l I
1'l

lhl lhlhS P. I Ilk
LVnkklh I IStlk
hllCI [hi I rL I hit h
Hkl lCI (i>hll()LV

chkl n. (ill sl
Slllkl I Y hl (ill I Okl)
1%1[Oil>S[I f, (>II lllkl
Sl[VI <C Sill (ill St)()kf
l)nk>'I (il hhlhNN
Ill[)Y( (iof ill
I I LRk'L I) <1()DI)l
c)slvnl I) I l. (ikf A(il k
l)ollCil AS I I (ikl I Nl I I

III NNI I[i (;Isa( () I I

h hl I IAI I

l)()k() II IY I, t thkt)IN< i

I) A VII) LS. J()[INS()N
('knl(i LV. JC)NI S

JDSI Pl I kl YSI N

S('() l I kRhhll I>

[ INI)n I I > lhlhN
'LV, l)„M( I)()<,'(i>LI I>

SIAX SI('I)()>VII I

I[ I I hi[ nl)O'LVS

h. ALAN hl()(il [ISS[
tin k I Ink 1S M() k k >L

[II[A N<)kl)l IN(;
I. 'iVI[1 Akl) Ok[ON
(.'Ak()l IN< Pl I ll
I()M I< hlhkY kl IS
I'I lt k J. Snlln I lhl. Ik.
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OL'Vl N Sl L t kh1N( I

ISL[ll 'Ll I[\I'ht()N
I lnkk Y 'LV. Shit DI S
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W. VON BLACK

GARY YVAGNER

BILL YVALSI I

h>hk[IN & [LAINf LVAL[[k

t. f. WASS[RBACII

[ [<41M Y L. IVHI[[.
RICHhkD [.WILI IS

I INDA YVI I TKOPf

St)SAN YVOOI[[ Y

5[[.P>lfN Ci. i!f.MBA
MICHAEL BAKER, IR. INC

C, I IOU>lilt
MICHIGAN CENTER FOR ENVIRONMENTAI.

HEAI,TH SCIENCES

IOI IN L. I I[55[
MICHIGAN DEPT OF NATURAL RESOURCES

DAN t. kl[D
k. 111OMA4 4[(ihl I

MICHIGAN DEPT OF PUBllC HEALTH

Gl(3k(il lh Bklr('I<ilhNN

I kl(: SCI ILVIN(i

MICHIGAN ENVIRONMENfht PROT[ CTION

COMM[ TT[E

l)AV t ( I<hi'41AN

MICHIGAN STATE I)NIVF RSITY

Wit I lhhi (, I AY< Ok
MINNtSOTA DEPT OF f NERGY AND

DEVELOPMENT

MINNESOTA DEPT OF HEALTH

A[IC[ 1. DOlt /hl I lt NNI(ihN

MINNESOTA ENVIRONME NTAL QUAlITY
BOARD

kl('IIAkD PA[ON
MINNESOTA GEOLOGICAL SURVEY

Mhli 5. Wht [ON
MINNESOTA GOVE RNORS TASK FORCE ON

HIGH ~ LEVEL RADIOACTIVE WASTE

MISSISSIPPI ATTORNEY GENERALS OFFICE
Ii<r<<CK CA4<[RON

MISSISSIPPI BUREAU OF GEOLOGY
hllC> lhl I B. t. ROGRAD

MISSISSIPPI CITIZENS AGAINST NUCLEAR

DISPOSAL
5 I h Nl I. Y I)t r4 N I I IN I

MISSISSIPPI DEPT OF ENERGY AND

TRANSPORTATION
k;3NAI D i. [ORSY I > lf <.I<

MISSISSIPPI DEPT Of NATURAL RESOURCES
hi VIN k. BIChtk. [k.
C>lhkL[5 (. Bl ALOCK

CUR[14 W. 5IOVI.R
MISSISSIPPI DEPT Ot WILDLIFE

CONSERVA [ION
Kf NN> lil I. (iOKI)()N

MISSISSIPPi EME t<GENCY MANAGEME NT

AGEI'ICY

[AMIS I Mhtl[k
MISSISSIPPI HOPUS[ OF REPRESENTATIVFS

41h<, K )vIC INN<r

MISSISSIPPI LIBR*RY COMMISSION
SARA [UBB

MISSISSIPPI MINERAL RESOURCES INSTITUTE

MISSISSIPPI P( WER & LIGHT

ROBER[4HADDIX
MISSISSIPPI STATE BOARD OF HEALTH

EDDlf, 5. F LIE NT[

GUY R, WII.SON

MISSISSIPPI STATE HOUSE OF
REPRESfNTATI YES

t. fRED ')BBINS
t>I([MAN T[ROMt [Rh/lfk
>ERRY OKtftt

MISSISSIPPI STATE SENATE

MARTIN T. SMITH
TI >[ODOR [ Sr&1111<

MISSISSIPPI STATE UNIVERSITY

TROY t. I A&XVI,I [
VIC I Ok I. Zl[ lh

MISSISSIPPIANS AGAINST DISPOSAL
ALI(.ih I). I < k(i(i)ON

MITRE CORP
I I Silk h, [[f1IN(i(k

MITSUBIS>II METAL CORP
Ih I tl <0 hk I&1A

MOAB NUCLE AR WASTE INFORMATION

Of f ICE

41<( I lhl I [Nl I'f NDL[ ION (2>

MOAB TIMES INDEPENDI'NT

SAMUI I t, I AY[OK

MOBAY CHEMICAI. CORP
Kl NNI I>I II. I<AS> IIMOIO

MONT*NA BUREAU OF MINES AND

GEOLOGY
f 13[VhkD ('. HIN(il I k

MONT[CELLO HIGH SCHOOL LIBRAPY

Ml I) I h (.'I N I t <<

MONT[CELLO NUClEAR WASTE

INFORMATION OFFICE
CARI [14>hlr4NN <3<

MORRISON-KNUDSf N COMPANY INC

Sl.k(il kr4MIMK)
Ml('I II I I I I. Phl 'KI I Y

NAGRA - SWITZERLAND

I I AN& I(4> [k
NATIONAL ACADEMY Of SCIENCES

[OIIN I. I <Ol I (3WAY

ilhkOI I) I. Ir45114

NATIONAL AEKONAUTICS AND SP*Cf
ADMINISTR <TION

MIC>lhl I R. I II I I I k I

4<IC>lhl<. /()I [NSKY

NATIONAL BUREAU OF STANDARDS

kll I Y 41, Cl I I <N<i

NATIONAL HYDROLOGY RESEARCH

INSTITUTE - CAN*DA
13[NNIS I. BOI 1(3>ill I Y

NATIONAl PAKK SERVIC[
C[(,'ll I). I [ (41!I,Ik.

NATIONAL PARKS & CONSERVATION
ASSOCIATION

1. DISlkY thkVIS
I I kkl 4<&k[IN

NATIONAl SCIENCE FOUNDATIOrN

k()YAI t. KO4IINBAC>l
NAVAL WEAPONS STATION EARLE

(;INNhk<) 4<1 >115

NEW ENGLAND NUClEAR CORP
KIKKY Bl"'N[kl
('I lhkl1 4 B. hll LlhiN

Nf[V [ERSEY INSTITUTE Of TECHNOLOGY
B[N SII VINSON

NEW MEXICO BUREAU OF MINES AND

MINERAL kESOURC[5
I RANk!. K<31 [«.3WS>'I

NEW MEXICO ENVIRONMENTAL EVALUATION

GROUP
R<38[k1 li. NI.ILL

NEW MEXICO INSTITUE OF MINING
[OIIN L, WILSON

NEW YORK DEPT OF HEALTH

DAVID AXI.[kOI), i41.D.

NEW YORK ENERGY RESEARCH &

DEVELOPMENT AUTHORITY

[DtlN P. SPATH [81

NEW YORK GEOLOGICAL SURVEY

ROIHRI II >AKUNDINY

NEW YORK LEGISLATIVE COMMISSION ON
SCIENCf & Tf CHNOLOGY

th&i[5 [, 41< I Ak[ AN[)
NEW YORK STA1E ASS[MBLY

41& I 'k I(' I ), I I IN(' 1[ 1

AN(it I () ()k <r/I()

NEW YORK STA[f ATTORNEY GtNtkhlS
OFFICE

I /k h I II<A< IK

NEW YORK 5[Alf tNfkGY RESEARCH AND
DEKE LOPMf NT AU) H<)RIT Y

t()lib ( l)141>'4> Y

NEW YORK SfA[f (i[OLOGICAL SUkVEY
th4'<14 k hl lih414[

NEW YORK SfA[l >I[

At[�

>I DE P[
I()I IN 4<&1 < 4/I K

NEW YORK SfAlt PUBLIC SfRVICf
COMMISSION

l kit< ilhh<i
N[>V YORK SIAII SfNhf[ RES[ARCtl Sf RVICE

I) h( il) W I II I I I II (I)
NOR[H CAkOLINA SIATE 5[NATf

k r<l < i«k<)<)K
14, < k '<« I 4W IN(

NOR[H C*kn[INA 5[A[i UNIV> RS[fY

4< k<4<l<l kl I )
N<3u[H DAKOTA GEOLOGICAL SUBV[Y

l)<)4 I <'<I (<)k4()N
NOR1HIASI OHIO [OUR COLIN[V REGIONAL

PLANNING & Dl'Vf[OPSI[NT
O k(i A NI /h [ION

I( )l<N ( Pll k 4< )4
NOk[H[AS[ U[ll l[ifS Sf RVICE COMPANY

I<Alki(< II h&4 ()( ONNI I I

NORTHWf 5'fEkN UNIVERSITY

lit ki&hkl) I. W()()l)
N[R G()V[RN4<[N[ StkVICf5

<< IAN<h4 V. kl ) N()l [)4
NUC[Fhk ASSURANCE

CORI'(31<N

4 IK)< ill()N

I[AN ki<)N
NUCLEAR fNERGY AGENCY/OECD - FkANCE

AN I> IONY 41<<1.l I k

NUCLEAk 5*FETY RESEARCH ASSOCIATION
I /1: 411 k <.'R II lhkh

NUCI.FAR SYST[MS ASSOCIATES INC

Ct lhkl I!r I, l)IV(3iNr4

NUClfAR WASTE WATCHEkS
Ill I I N I I I hk I I

NUS COkP
'A. (i. Ill I I I k

k()I)Nt Y t. I)AVI4

Bhkk I I M( I [ ()[)
llhkk Y N 4AI I

I)<)< (it h41). ()KV>4

Y()4( i 41 Irr4 k K

NUT[ CH ENGINE EkS INC
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I i!)1[ihl 1IN[)I KI L(>

Pf NNSYLVANIA STA1t UNIVEkSITY
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( it ill klhl (Jl l(i<i
POiVfk kf ACTOR AND NUClfhR FU[l
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t()l IN h. Ii'I 1
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SAlT lAKf CITY PUBLIC
l[BHARI'ALT
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SAN JOSf STATE UNIVERSITY SCHOOL Of
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<i ('l I I h .
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U.S. DEPT OF ENERGY - NEVADA OPERATIONS
OFFICE

r'Ukll(. READING kOOM ~

DONALD L. VI(TII
U.S. DEPT OF ENf RGY - NUClEAR WASTE

POLICY ACT OFFICE

ROBER I ht. ROSS[LLI

U.S. DEPT OF ENERGY - OAK RIDGE

OPERATIONS OFFICE

PUBLIC kf.ADIN." ROOM
U.S. DEPT OF ENERGY - OFFICE OF BASIC

ENERGY SCIENCES

MARK W, WITt(LS
U.S. DEPT OF ENERGY - OFFICE OF DEFENSE

WASTE AND BYPRODUCTS
Ci. Ic Ol k[l I

U.S. DEPT OF ENERGY - OFFICE OF PROJECT
AND FACILITIES MANAGEMENT

I). L. I IAklkIAN
U.S. DEPT OF ENERGY - OFFICE OF 5 IENTII'C

AND TECHNICAL

U.S. DEPT OF ENERGY ~ RICHI.AND

OPERATIONS OFFICE

I, S(.'I tkt IB(k
U.S. DEPT OF ENERGY - SAN FRANCISCO

OP[ f[ATIONS Of FICE

IiNI ROY kf SOUkCf5 C[N[fk
Lf N LrSNNI

IILJBI IC kch()INC kc)OAI
U.S. DEPT OF ENERGY - SAVANNAH RIVER

OPERATIONS OFFICE
I, ll, I[IN[)MAN

U.S. D(PT OF EN[RELY ~ WEST VALLEY PROJECT

OFFICE
W. I I. I I ANN() M

U.S. DEPT OF I.ABOR
A[I X G. SCIUI.I I

kt[VIN VI. (VS
U.S. ENVIRONMENTAL PROTECTION AGENCY

l)[VISION OI CRI I I'klh 8, SIANI)hkDS

[Ah[IS Nf li ll,[SI I

U.S. ENVIRONMENTAL PROTECTION AGENCY
- REGION II

I()YC I f [ I UK[AN

U.S. C(NERAL ACCOUNTINC OFFICE
(Vtl[ IAM l)h VIU llkOOKS

U.S. CEOLOGICAL SURVEY ~ ALEXANDRIA

(ii. N. kYALS

U.S. GEOLOGICAL SURVEY - COLUMBUS
h. SI, I h Sht h. Jk.

U.S. GEOLOGICAL SURVEY - DENVER

II SS ht, ('l.l VI I ANI)

k()ttl k I I. I II I I

U.S. GEOLOGICAL SURVEY - JACKSON
(irSkhl I) (i. I'hkV[k, Jk
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NIIC[thl I. (.'I.YNN[
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I.KIIN(i (. IIO(t
I II Vl I:t 1k11k
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I IHS IN ROI DI)l k
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DAVII) lt, Sl1(khki
U.S. HOUSE C'EPRESENTATIVES

B. Jf ANINI I tttt t.

U.S. HOUSE SUBCOMMITTEE ON ENERGY AND

Tflf ENVIRONMENT

klOkk[S h. I 'l)hl I

U.S. NATIONAL PAkK SERVtCE

II I()hthh ('. IYYI II

ISSION

NIA

ELFY

AN..ELES

RSIDE

U.S, NUCLEAR REGULATORY COMM
J. CALVIN BELO1E
LEON BfRATAN

C[OkG( BIRCHARD

k. BOYlf
VlfN C.CHANC
( IL((N C[I[N

PAIR IC[h A. COMEl(h
INklCO I. CONTI
i. ROB(kT COOK
IULIA ANN CORRADO
Phi I( t, GOLDBf RG

h1ICI [All. S. Vt.hkN[Y
kYO KIM

MALCO(ht k. KNAPP

JOIIN C. MCKINL[Y
NkC I lkkAkY
IAY L. RI IOD( RICK

I)AVID M. kOt IR[R

k. IOIIN Sihkhtfk
NANCY ST[l[
KRISIIN B. SV(STBROOK
[V(RI.[l A. SVICK

UHDE GMBH- SV. GERMANY

OLINCLR

UNION CARBIDE CORP
GhkY hl. hNC(LINO
l)[NNIS J. [(NNf[LY
JOIIN D. Slit.kMAN

UNION OF CONCERNED SCIENTISTS
51[C[lhfl I AD[ N

COkDON I I IOMPSON

UNION OIL COMPANY OF CALIFOR
BkAD COVR(AU

UNITED KINGDOM DEPT OF THE

ENVIRONMENT

I. S, IIAIt'S
UNITED PRESS INTERNATIONAL

I'I lf (il[ I INS

UNIVERSITY OF AKRON

I Ok[ 1 Ih J. COI I,

UNIVERSITY OF ALBERTA - CANADA

I. W. SC[IWhkrk
UNIVERSITY OF ARIZONA

IAhk [)/Sl kILN

Ink[i s G. Ktcckhv
kOY (i. POS[
Wll Ll!I D. Sh'VYf k, IR.

UNIVERSITY OF BRITISH COI.UMBIA-
CANADA

k. SurSNrkrtkr
UNIVERSITY OF CALIFORNIA AT BERK

Nt VILI I G. 1'V. COOV,
kl('I IARI) I. (iOOI)MISN
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UNIVERSITY OF CALIFORI))IA AT LOS
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Vk[S Pkl S[L)N

UNIVERSITY OF CALIFORNIA AT klVE
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UN[ VEkSI I Y OF CINCINNATI
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UNIVERSITY OF DELAWAkE

I kANh h. h(flhCVI
UNIVERSITY OF FLORIDA

[)rSS II) t. ('I rSkh

l)OI Ok[S (, JI NhliNS

M, J. Ol thiNIAN

UNIVERSITY OF HAWAII AT MANOA
l)AVI[) IVII

UNIVERSITY OF I(llNOIS A'f URBANA-
CHAMPA[CN

DANI[i F. IIANG

hlBLR[ J. h1ACHI[LS
MAGDI RAGHE

UNIVERSITY OF LO'IV[EL

JAMES R. St[Et F

UNIVERSITY OF LULEA - SWEDEN
SVEN KNUTSSON

UNIVERSITY OF MARYI.AND
AMERICAN NUCLEAR SOCIETY
MARVIN ROUSH

UNIVEl[S[~Y OF MICHIGAN
V. I(LIAM KERR

UNIVERSITY OF MINNESOTA
CHARLES fh[RHURST
DONALD CILLIS

UNIVERSITY OF MISSISSIPPI
GFORGF. D. BRUNTON

UNIVERSITY OF MISSOURI AT KANSAS CITY
EDWIN D. GOlB[L
SYfD E. IJASAN

UNIVERSITY OF MISSOURI AT ROLLA
hkVIND KUMAk

UNIVERSITY OF MODENA - ITALY

M. ANTONINI

UNIVERSITY OF NEW MEXICO
tthkOLD M. ANDERSSON

DOUGLAS C. BkOOKINS
RODNFY C. ESVINC
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